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AVANT-PROPOS 
 
 
Le Laboratoire de Chimie Analytique Pharmaceutique (LCAP) porte un grand intérêt pour les 
méthodes séparatives, telles que la chromatographie liquide (LC) et l’électrophorèse capillaire (CE) 
pour l’analyse de composés pharmaceutiques présents dans les formulations et de métabolites 
présents dans les matrices biologiques. Cette thèse poursuit les travaux du Dr Sandrine Souverain 
effectués au sein du LCAP intitulée « Extraction en ligne sur support solide pour l’analyse de 
composés pharmaceutiques contenus dans des matrices biologiques par chromatographie liquide- 
spectrométrie de masse » (Thèse n° 3520 – 2004). Ce s travaux traitaient des différents supports 
d’extraction pour la préparation d’échantillons couplés en ligne à la LC-MS, ainsi que de l’aspect 
détection avec le couplage LC-MS. L’automatisation et la réduction du temps de préparation des 
échantillons était un des principaux objectifs. Une autre thèse concernant la réduction des temps 
d’analyse a également été accomplie en CE par le Dr Laurent Geiser intitulée « Développement et 
validation de méthodes analytiques pour l’analyse de composés pharmaceutiques par électrophorèse 
capillaire couplée à un spectromètre UV ou à un spectromètre de masse » (Thèse n°3442 – 2003). Un 
des objectifs de son travail était de démontrer le potentiel de la CE pour l’analyse rapide de composés 
pharmaceutiques. 
 
Dans l’idée de réduire davantage le temps du processus analytique, l’objectif de ce travail de thèse 
était d’étudier les différentes approches LC pour réduire drastiquement les temps d’analyse, telles que 
l’utilisation de colonnes courtes, de monolithes et de la haute température (HTLC). En 2004, un 
système chromatographique permettant de travailler avec des colonnes remplies de particules de 
faible granulométrie et à haute pression (UPLC) a été commercialisé par Waters. La mise à 
disposition du système UPLC ainsi que des colonnes remplies de particules dont le diamètre est 
inférieur à 2 µm (sub-2 µm) a permis d’étudier cette stratégie et d’obtenir des séparations 
performantes en des temps d’analyse très courts. De plus, le couplage de l’UPLC et de la haute 
température (HT-UPLC), permettant de réduire davantage les temps d’analyse a également été 
étudié.  
 
Structure de la thèse : 
La thèse présentée ci-après se compose de trois parties. La première (Chapitre 1) résume l’ensemble 
des travaux effectués durant cette thèse. La deuxième partie (Chapitre 2) regroupe les différents 
articles scientifiques rédigés en langue anglaise, publiés, en cours de publication ou soumis à 
publication. Pour terminer, la dernière partie (Chapitre 3) est constituée des conclusions et 
perspectives associées à ce travail de thèse. 
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Les principaux thèmes ainsi que les articles illustrant ce travail sont reportés ci-dessous : 
 
Introduction sur les petites particules et la haute pression 
Un travail bibliographique a été consacré à l’utilisation de colonnes remplies de petites particules 
couplées à la haute pression en vue d’augmenter le débit d’analyse (article I). 
 
Comportement et comparaison des particules sub-2 µm 
L’étude du comportement des colonnes remplies de particules de faible diamètre (sub-2 µm) a permis 
de déterminer les conditions expérimentales à utiliser en UPLC. La comparaison des différentes 
colonnes sub-2 µm disponibles sur le marché a permis d’obtenir les conditions optimales d’utilisation 
de chacune d’entre elles (article II). 
 
Transferts de méthodes HPLC vers UPLC 
La plupart des méthodes analytiques s’effectuent en LC conventionnelle. Le transfert de méthodes 
existantes (mode isocratique et gradient) vers des méthodes rapides (colonnes courtes et UPLC) 
permet de réduire les temps d’analyse d’un facteur 5 à 20. Des règles ont été établies et appliquées à 
des échantillons d’intérêt pharmaceutique pour réduire significativement les temps d’analyse  (articles 
III et IV). 
 
Développement et validation de méthodes rapides en UPLC 
Une procédure analytique a été développée en LC conventionnelle et selon plusieurs stratégies en LC 
rapide (monolithe, HTLC, sub-2 µm, UPLC) pour séparer les différents composants d’une formulation 
pharmaceutique « Rapidocaïne® » utilisée pour traiter les arythmies cardiaques. Dans un second 
temps, les résultats quantitatifs ont été comparés par le biais d’une validation des cinq méthodes 
selon la procédure proposée par SFSTP 2003 (profils d’exactitudes) (articles V et VI). 
 
Couplage de l’UPLC avec la haute température 
L’UPLC couplée à la haute température (HT-UPLC) permet de travailler sur une plus large gamme de 
débits de phase mobile. Le gain en temps d’analyse lié à l’utilisation de colonnes courtes remplies de 
particules sub-2µm portées à haute température (article VII et VIII) a été étudié et les résultats ont été 
comparés à l’UPLC.  
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PREFACE 
 
De nos jours, la majorité des industries pharmaceutiques est intéressée par les nouveaux concepts 
analytiques permettant d’augmenter la productivité (incluant la réduction des temps d’analyse) lors du 
développement de méthode, de l’analyse de routine, du contrôle qualité ou du suivi thérapeutique.  
 
La découverte et le développement d’un médicament est un processus long et dure en général 15 à 
20 ans avant la commercialisation d’un nouveau médicament (Tableau 1). La découverte comprend 
les étapes suivantes : identification de la cible thérapeutique, identification des composés prometteurs, 
optimisation des composés prometteurs et essais précliniques. Quant au développement clinique, il 
compte quatre étapes : phase I, phase II, phase III et phase IV.  
L’identification de la cible thérapeutique est principalement basée sur la maîtrise de la génomique, de 
la protéomique et de la bio-informatique, permettant de découvrir les gènes et/ou protéines impliqués 
dans les pathologies. La cible thérapeutique définie, un nombre important de molécules est testé pour 
leur activité sur la cible. Cette étape appelée « screening » permet de sélectionner des molécules pour 
une étude plus approfondie (5 à 50'000 molécules criblées). En général, à peine 1% des composés 
testés sont retenus pour l’étape suivante. L’optimisation de la faisabilité chimique à l’échelle 
industrielle et des propriétés pharmacologiques de composés prometteurs permet d’évaluer leurs 
propriétés physicochimiques, comportement pharmacocinétique et efficacité thérapeutique (création 
d’analogues structuraux). Sur les 100 ou 200 molécules testées, seule une vingtaine de composés 
sont retenus pour les essais précliniques. Parmi ceux-ci, l’évaluation in vitro et in vivo est effectuée 
afin d’étudier leurs effets toxiques, propriétés thérapeutiques potentielles, effets sur l’organisme et leur 
métabolisme chez l’animal. A ce stade, si tous les résultats sont concluants, les essais cliniques chez 
l’homme peuvent débuter. La phase I est effectuée sur des volontaires sains afin de vérifier leur 
innocuité et étudier le profil pharmacodynamique et pharmacocinétique. Les essais de phase II sont 
réalisés sur de petits groupes de patients pour analyser l’activité des candidats en termes d’effets 
dose-réponse. La phase III a pour objectif de confirmer l’efficacité du médicament par rapport à des 
traitements existants ou à un placebo et doit être réalisée sur un grand nombre de patients. A ce 
stade, une demande d’Autorisation de Mise sur le Marché (AMM) du médicament est soumise aux 
autorités compétentes, telles que la Food and Drug Administration (FDA) [1] pour les Etats-Unis, 
l’Agence Européenne pour l’Evaluation  des Médicaments (EMEA) [2] dans l’Union Européenne ou 
SwissMedic [3] en Suisse. Une fois que le médicament est approuvé et mis sur le marché, ce dernier 
entre en phase IV, afin de dépister les éventuels effets secondaires rares ou non attendus, de trouver 
de nouvelles indications thérapeutiques et d’évaluer le rapport coût/bénéfice du traitement qui 
justifierait le remboursement de ce médicament par les assurances maladies. La phase IV est réalisée 
à grande échelle et à travers le monde entier. En parallèle au développement clinique, la mise au 
point de la forme galénique et de son transfert à l’échelle industrielle est effectuée. 
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En résumé (Tableau 1), sur 10'000 molécules criblées en moyenne, une seule molécule sera retenue 
et mise sur le marché. Le processus de recherche est coûteux, il faut compter plus de 800 millions de 
dollars américains pour le développement d’un nouveau médicament [4]. On estime que seuls 30% 
des nouveaux médicaments lancés sur le marché rentabiliseront les investissements et ceci 
uniquement durant la période du brevet [5]. Celle-ci présente une durée de 20 ans, mais débute bien 
souvent antérieurement à la date de commercialisation effective. Une fois sur le marché, un 
médicament n’est donc couvert par le brevet que pendant 8 à 12 ans. Après expiration de celui-ci, les 
revenus diminuent fortement (notamment à cause de l’arrivée de génériques sur le marché).  
 
Le développement de nouveaux outils analytiques pour diminuer les temps d’analyse permet de 
répondre aux exigences des étapes de la recherche et développement et également de la mise sur le 
marché d’un médicament.  
 
 
Tableau 1 : De la recherche à la commercialisation du médicament. Adapté de [4,5]  
ETAPES 
Identification 
de la cible 
Identif. des 
composés 
prometteurs 
 
Criblage des 
molécules 
Optim. des 
composés 
prometteurs 
Création 
d’analogues 
structuraux 
Essais 
précliniques 
 
Tests in vivo et 
in vitro  chez 
l’animal 
Essais 
cliniques 
Phase I 
Essais 
tolérance 
(toxicité) 
Essais 
cliniques 
Phase II 
 
Relation 
dose-effet 
Essais 
cliniques 
Phase III 
 
Tests 
efficacité 
Essais 
cliniques 
Phase IV 
 
Commercialisation 
Pharmacovigilance 
DUREE 
qqs mois – 
qqs années 
4 – 6 mois 4 – 6 mois 4 – 6 mois ~18 mois 
12 – 24 
mois 
Plusieurs 
années 
Plusieurs 
années 
MOLECULES - 5 – 50’000 100 – 200 ~20 1 – 5 1 – 3 1 – 3 1 – 3 
PATIENTS - - - - 
100 – 200 
volontaires 
sains 
100 – 500 
patients 
1000 – 
8000 
patients 
Millions 
de patients à 
travers le monde 
DECOUVERTE 
335 millions $US 
3 – 10 ans de recherche 
DEVELOPPEMENT CLINIQUE 
467 millions $US 
5 – 10 ans de développement 
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1. INTRODUCTION 
 
1.1. Analyses rapides en chromatographie liquide 
 
La chromatographie en phase liquide (LC) est une méthode implantée dans les laboratoires d’analyse 
depuis de nombreuses années. La LC est une méthode de choix pour la détermination quantitative de 
nombreux composés contenus dans divers types de matrices. Les composés de bas et hauts poids 
moléculaires, les polymères ou bio-polymères (i.e. protéines) peuvent être séparés par LC en raison 
des multiples combinaisons possibles entre le choix des phases mobiles et des phases stationnaires. 
Cependant, en utilisant des colonnes analytiques de 150 à 250 mm de long et 2.1 à 4.6 mm de 
diamètre, les temps d’analyse en chromatographie conventionnelle sont généralement compris entre 
10 et 100 min. Aujourd’hui, il est nécessaire de développer des méthodes rapides (< 5 min), voire 
ultra-rapides (< 1min). Différentes stratégies peuvent être utilisées en chromatographie liquide (LC) 
pour diminuer les temps d’analyse. Cependant, ces approches ne sont pas équivalentes et il n’est pas 
toujours possible d’augmenter la vitesse d’analyse tout en maintenant une efficacité, une résolution et 
une perte de charge acceptables. 
 
L’approche la plus simple est l’utilisation simultanée des colonnes courtes (30 – 50 mm) et de hauts 
débits de phase mobile [6-8]. Les colonnes courtes permettent des temps d’analyse et de 
rééquilibrages réduits. De plus, les pressions générées sont compatibles avec les systèmes LC 
conventionnels. Ces colonnes sont généralement remplies de particules de 3 ou 3.5 µm de diamètre 
et sont commercialement disponibles depuis le début des années 90. Cependant, les performances 
chromatographiques de ces colonnes sont réduites, puisque l’efficacité est directement proportionnelle 
à la longueur de la colonne. C’est pourquoi, ces dernières sont généralement utilisées pour des 
mélanges simples préférablement en mode gradient ou en association avec la spectrométrie de 
masse (MS), de manière à compenser la faible résolution chromatographique. 
 
Une autre approche consiste à utiliser des supports monolithiques en lieu et place de colonnes à 
phase particulaire. Les monolithes peuvent être de type polymérique ou à base de silice (les plus 
utilisées dans l’analyse pharmaceutique), mais présentent, dans ce dernier cas, une faible résistance 
au pH (2 < pH < 8). Ceux-ci, développés en 1996 par Tanaka et Nakanishi [9], sont actuellement 
commercialisés par Merck (Darmstadt, Allemagne) et Phenomenex (Torance, Etats-Unis) sous les 
noms ChromolithTM et OnyxTM, respectivement. Cependant, de par le nombre restreint de fabricants et 
de géométries de colonnes disponibles (diamètre interne de 4.6 mm, 3.0 mm, ou 100 µm), les 
monolithes présentent aujourd’hui un intérêt limité. Les avantages des supports monolithiques (bonne 
efficacité à haut débit et faible perte de charge) sont liés à la structure bimodale présentant des 
macro- et des méso-pores (généralement de 2 µm et 13 nm, respectivement) dont la taille peut être 
contrôlée indépendamment afin de régler la perméabilité et les performances chromatographiques. 
Grâce à la grande perméabilité de ce type de support (comparable à des colonnes remplies de 
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particules de 11 µm [10]), de hauts débits de phase mobile (généralement 3 à 10 fois supérieurs) avec 
des longueurs de colonnes équivalentes à la LC conventionnelle peuvent être utilisés, sans générer 
de fortes contre-pressions. Les monolithes permettent donc de générer des temps d’analyse de l’ordre 
de la minute ou de coupler les colonnes en série (L > 1m) [11]  afin d’obtenir de grandes efficacités (N 
> 100 000 plateaux théoriques). De manière générale, l’efficacité des monolithes est comparable à 
celle de colonnes remplies de particules de 3 µm [12].  
 
La chromatographie liquide à haute température (HTLC) (T > 60°C) permet également de générer des 
analyses rapides avec des colonnes de longueurs conventionnelles, grâce à la réduction de la 
viscosité de la phase mobile avec la température [13]. A cause de l’augmentation des coefficients de 
diffusion liée à la diminution de viscosité de la phase mobile avec la température, il est également 
possible de travailler avec des vitesses linéaires plus élevées tout en maintenant la résolution et une 
perte de charge acceptables. De plus, la constante diélectrique de l’eau diminuant avec la 
température [14], la proportion de solvant organique contenue dans la phase mobile peut être réduite, 
ce qui présente un avantage sur le plan écologique et économique (i.e. chimie verte) et le facteur de 
rétention ainsi que la sélectivité peuvent être modifiés. Cependant, dans l’industrie pharmaceutique, 
cette approche est peu utilisée en routine à cause de l’instabilité thermique des nombreuses phases 
stationnaires à base de silice et de la thermolabilité de certains solutés. De plus, un système adéquat 
pour le préchauffage de la phase mobile à l’entrée de la colonne chromatographique et son 
refroidissement à la sortie selon le mode de détection utilisé sont requis pour travailler à haute 
température. Depuis peu, quelques fabricants proposent des systèmes intégrés permettant de réguler 
la température dans un système HTLC. 
 
Knox a démontré il y a plus de 30 ans que l’utilisation de colonnes remplies de petites particules 
permet d’améliorer les performances chromatographiques [15-18]. En effet, en diminuant la taille des 
particules, l’efficacité augmente, la vitesse linéaire optimale est déplacée vers des valeurs plus 
élevées et le transfert de masse est amélioré. Par conséquent, l’utilisation des petites particules 
permet d’obtenir des séparations rapides, voire ultra-rapides. A l’inverse, si la résolution 
chromatographique est l’objectif (e.g. proteomique, métabolomique), l’emploi de colonnes plus 
longues, comme reporté avec les monolithes, permet d’atteindre des efficacités élevées. Cependant, 
l’utilisation de tels supports génère de fortes pertes de charge, exigeant l’utilisation de systèmes 
chromatographiques et de phases stationnaires dédiées. L’intérêt pour les petites particules (sub-2 
µm) résistantes aux hautes pressions (P > 400 bars) est devenu croissant depuis l’apparition, en 
2004, de systèmes commerciaux capables de travailler jusqu’à des pressions de 1000 bars. 
 
1.2. Intérêt des petites particules 
 
L’historique de la chromatographie liquide montre une importante réduction de la taille des particules 
depuis leur première apparition (100 – 200 µm) dans les années 50 jusqu’à aujourd’hui (sub-2 µm) 
(Tableau 2). 
25 
___________________________________________________________________ 
 
Tableau 2 : Historique de l’évolution de la taille des particules. Adapté de [19]  
Année Taille des particules Efficacité/15cm 
1950’s 100 µm 200 
1967 50 µm 1000 
1972 10 µm 6000 
1985 5 µm 12000 
1992 3-3.5 µm 22000 
1996* 1.5 µm 30000 
2000 2.5 µm 25000 
2004 1.7 µm 30000 
* Silice non-poreuse ou résine 
 
La diminution de la taille des particules présente un intérêt important en termes d’amélioration de 
l’efficacité (Eq.(1)) et de réduction du temps d’analyse (Eq.(2)). 
 
pdh
LN
⋅
=        (1) 
Où L est la longueur de colonne, h la hauteur de plateau réduite, et dp le diamètre des particules. 
 
p
mopt
opt d
Dv
u
⋅
=
       (2) 
Où uopt est la vitesse linéaire optimale de la phase mobile, vopt est la vitesse optimale réduite de la 
phase mobile, et Dm est le coefficient de diffusion moléculaire du soluté dans la phase mobile. 
 
En 2004, les premières colonnes remplies de petites particules poreuses à base de silice (1.7 µm) ont 
été commercialisées. Actuellement, de nombreux fabricants proposent des colonnes remplies avec 
des particules comprises entre 1.5 et 2 µm de diamètre. Le terme « sub-2 µm », incluant les particules 
de 2 µm, est utilisé dans ce travail, par soucis de simplicité. Les supports remplis de particules 
poreuses sub-2 µm actuellement disponibles (mars 2007) sont rassemblés dans le Tableau 3. 
 
Tableau 3 : Supports sub-2 µm commercialement disponibles 
Fabricant Colonne Taille des particules (µm) 
Agilent Zorbax RRHT 1.8 
Alltech Alltima, Platinum, ProSphere 1.5 
Bischoff ProntoPEARL sub-2 TPP Ace 1.8 
Interchim TSKgel Super-ODS 2.0 
Macherey Nagel Nucleodur 1.8 
Sepax GP Series 2.0 
Shimadzu Pathfinder 1.5 
Thermo Electron Hypersil GOLD 1.9 
Waters ACQUITY 1.7 ; 1.8 
YMC YMC Ultra Fast 2.0 
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Comme discuté précédemment, l’utilisation de particules sub-2 µm implique de fortes pertes de 
charge (> 400 bars) incompatibles avec les systèmes LC conventionnels. La loi de Darcy (Eq.(3)) 
montre clairement la relation entre la perte de charge et le diamètre des particules. 
 
2
pd
LuP φη∆ ⋅⋅⋅=        (3) 
Où ∆P est la perte de charge, η la viscosité de la phase mobile, et Ф le facteur de résistance à 
l’écoulement. 
 
Selon les Eqs. (2, 3), la perte de charge est inversement proportionnelle au diamètre des particules 
élevé à la puissance 3. Par conséquent, une colonne de 1.7 µm génère une pression 27 fois plus 
élevée qu’une colonne de même longueur mais remplie de particules de 5 µm, au débit optimal. Pour 
cette raison, des pressions supérieures à 400  bars peuvent être atteintes avec des longueurs de 
colonnes supérieures ou égales à 50 mm.  
 
1.3. Intérêt de la haute pression 
 
Guiochon et al. [20] ont démontré que pour un diamètre de particule donné, le nombre de plateaux 
théoriques maximal atteignable avec une géométrie de colonne donnée est directement proportionnel 
à la perte de charge maximale, selon l’équation suivante (Eq.4) : 
 
2max
max 2 pm
d
D
PN ⋅
⋅⋅⋅⋅
∆
=
ηφγ        (4) 
Où Nmax est le nombre de plateaux théoriques maximal atteignable, ∆Pmax la perte de charge 
maximale rapportée par le système chromatographique et B le coefficient de diffusion longitudinale 
déterminé par la courbe de Knox. 
 
Récemment, Desmet et al. ont décrit une nouvelle approche basée sur les tracés cinétiques pour 
illustrer l’influence de ∆Pmax sur Nmax  et le temps d’analyse minimal (en terme de t0), basée sur les 
tracés cinétiques (« kinetic plots ») (Eqs.(5,6)) [21]. 
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Où Kv0 est la perméabilité de la colonne, et u0 la vitesse linéaire d’un soluté non-retenu. 
 
Les tracés cinétiques ont l’avantage de comparer les performances de différents supports LC quelles 
que soient leur longueur, la taille des particules et la perte de charge maximale. Les travaux effectués 
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en collaboration avec le groupe de Desmet et al., comparant quatre types de colonnes 
chromatographiques commercialement disponibles (colonnes remplies de particules de 5, 3.5 et sub-2 
µm de diamètre, ainsi qu’une colonne monolithique) ont clairement démontré que l’utilisation des 
supports sub-2 µm combinée à la haute pression (1000 bars) constituait le système de choix pour 
l’obtention d’un grand nombre de plateaux théoriques (N = 50 000) en un temps d’analyse aussi faible 
que possible [22]. 
 
1.4. Chromatographie liquide à ultra haute pression (UHPLC) 
 
1.4.1. Travaux préliminaires en UHPLC 
 
Les premières recherches en UHPLC ont été publiées en 1969 par Bildingmeyer et al. [23,24], avec 
des colonnes remplies de particules sub-2 µm. Cependant, les résultats n’étaient pas reproductibles et 
de mauvaise qualité à cause de nombreuses difficultés liées au remplissage des colonnes. 
En 1997, Jorgenson et al. ont élaboré un système pour travailler à ultra haute pression et un mélange 
de molécules tests a été séparé à 4100 bars sur une colonne capillaire remplie de particules sub-2 
µm, générant des efficacités comprises entre 140 000 -190 000 [25]. En 2003, la limite de pression 
maximale a pu être augmentée à 7000 bars et ainsi le diamètre des particules réduit à 1 µm, générant 
un nombre de plateaux compris entre 190 000 et 300 000 [26]. 
Alors que Jorgenson et al. ont dédié leurs recherches à la séparation de mélanges complexes 
nécessitant un nombre élevé de plateaux théoriques (N > 100 000), Lee et al. ont plus 
particulièrement utilisé l’UHPLC comme moyen d’obtenir des analyses rapides avec une efficacité plus 
limitée (N < 50 000). Pour réduire les temps d’analyse, Lee et al. ont utilisé en particulier l’UHPLC à 
haute température. Comme reporté précédemment, la haute température permet de diminuer la 
viscosité de la phase mobile, donc la perte de charge, rendant possible l’utilisation de particules de 
plus faibles diamètres ou de débit plus élevé. Lee et al. ont montré des séparations d’herbicides ou de 
benzodiazépines en moins de 100 s sur des colonnes capillaires remplies de particules sub-2 µm, 
avec des températures comprises entre 80 et 90°C gé nérant des efficacités de 20 000 à 30 000 
plateaux [27-29]. 
 
1.4.2. Problèmes liés à l’UHPLC 
 
Jusqu’à présent, l’UHPLC se retrouve plus particulièrement dans certains laboratoires de recherche 
académique. Tout d’abord, la sécurité du système (rupture de colonnes, projection de pièces, etc.) est 
critique et il est important d’utiliser un équipement approprié.  
 
En UHPLC, divers problèmes liés à l’utilisation de très hautes pressions peuvent être observés tel 
qu’un phénomène d’échauffement à l’intérieur de la colonne (« frictional heating »). L’échauffement 
par friction [25] induit un gradient de température dans la colonne à des pressions extrêmes. Les 
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gradients de température causent des variations du temps de rétention des composés et peuvent 
également contribuer à l’élargissement des pics. En diminuant le diamètre des colonnes aux 
dimensions capillaires [26], l’effet du « frictional heating » est significativement réduit, c’est pourquoi 
toutes les applications en UHPLC ont été réalisées sur ces dernières. Des travaux théoriques ont 
également montré qu’à très haute pression, la compressibilité des solvants pouvait générer des 
variations sur les facteurs de rétention. Toutefois, les effets de compressibilité des solvants n’ont pas 
été observés expérimentalement. 
 
1.5. Chromatographie liquide à haute pression (UPLC) 
 
Afin d’éviter les problèmes liés à la haute pression décris ci-dessus et de manière à avoir un système 
fiable, la plupart des fabricants ont fixé une limite de pression maximale à 1000 bars. En 2004, la 
société Waters (Milford, Etats-Unis) a commercialisé le système ACQUITY Ultra Performance LC 
permettant de travailler jusqu’à 1000 bars. D’autres fabricants ont suivi cette approche avec des 
limites de pression comprises entre 600 et 1000 bars (Tableau 4). En limitant la pression maximale à 
1000 bars, l’utilisation de colonnes de 1 et 2.1 mm d.i. est possible sans effet de « frictional heating » 
[30]. 
 
Tableau 4 :  Systèmes LC à haute pression disponibles 
Fabricant Modèle Limite de pression (bars) 
Agilent 1200 Rapid Resolution LC 600 
Flux Rheos Allegro Ultra HPLC 1000 
Jasco X-LC 1000 
Thermo Accela 1000 
Waters Acquity UPLC 1000 
 
Pour travailler en UPLC, l’instrument doit non seulement supporter les hautes pressions, mais 
également être adapté pour opérer en mode rapide et ultra-rapide avec des volumes de colonnes 
réduits. L’utilisation de colonnes de faible diamètre (1 et 2.1 mm d.i.) par rapport aux colonnes 
conventionnelles (3 à 4.6 mm d.i.) limite les effets de « frictional heating » et réduit la consommation 
de solvant. Cependant, ces colonnes doivent être utilisées sur un système où toutes les sources de 
dispersion extra-colonne sont minimisées (cellule de détection, tubes de connexion, volume 
d’injection). Les critères suivants doivent être remplis pour obtenir une séparation acceptable en 
UPLC : 
 
(1) La constante de temps du détecteur doit être faible (≤ 100 ms), car comme les pics sont fins 
(parfois moins d’une seconde), le temps de passage au détecteur est rapide. La fréquence 
d’acquisition doit donc être élevée de manière à bien définir les pics (≥ 40 Hz) pour leur 
intégration. 
 
(2) Le temps de cycle doit être le plus court possible, car les analyses sont souvent réalisées en 1 
à 2 minutes. Le volume d’injection doit également être adapté à la géométrie de la colonne. 
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Enfin, pour augmenter la sensibilité, une approche de type « peak focusing » peut être 
envisagée. 
 
(3) En mode gradient, un faible volume de délai est nécessaire. Un large volume de délai peut 
compromettre la séparation en créant un palier isocratique anormalement long. 
 
En UHPLC, des particules non poreuses étaient utilisées pour leur grande résistance mécanique. 
Cependant, elles possèdent une faible surface spécifique limitant leur domaine d’application. En 2004, 
la société Waters a commercialisé une nouvelle génération de colonnes hybrides remplies de 
particules poreuses résistantes à 1000 bars. 
 
1.6. Objectifs de la thèse 
 
Actuellement, plus d’une centaine d’articles ont été publiés sur l’utilisation de l’UPLC. Comme 
susmentionné, la combinaison des petites particules et de la haute pression permet de réduire les 
temps d’analyse et d’améliorer la résolution chromatographique. Les objectifs de cette thèse ont été 
d’étudier les aspects suivants liés à l’UPLC : 
 
(1) Comportement et comparaison de colonnes sub-2 µm commercialement disponibles. 
 
(2) Transfert de méthodes de l’HPLC vers l’UPLC. 
 
(3) Développement et validation de méthodes en UPLC. 
 
(4) Couplage de l’UPLC avec la haute température. 
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2. COMPORTEMENT ET COMPARAISON DES 
COLONNES SUB-2 µm 
 
2.1. Introduction 
 
Depuis 2004, plusieurs fabricants proposent des colonnes analytiques remplies de particules 
poreuses sub-2 µm. L’objectif de ce travail est d’étudier le comportement chromatographique et de 
comparer les colonnes sub-2 µm commercialement disponibles. Six supports ont été retenus (Tableau 
5). Afin de comparer les supports, un mélange de quatre parabènes a été sélectionné et différents 
paramètres chromatographiques ont été évalués (i.e. efficacité, résistance à l’écoulement, impédance 
de séparation, nombre de plateaux par unité de temps et vitesse optimale de travail). Des courbes de 
cinétique ont également été tracées afin de mieux caractériser le comportement de ces supports.  
 
Tableau 5 :  Colonnes sub-2 µm testées 
Colonne Abréviation Fabricant 
Taille des  
particules (µm) 
Limite de pression  
maximale (bars) Dimensions (mm) 
Acquity UPLC BEH C18 ACQ Waters 1.7 1000 2.1 x 50 
Acquity UPLC BEH Shield RP18 ACQS Waters 1.7 1000 2.1 x 50 
Zorbax Eclipse XDB C18 XDB Agilent 1.8 400 2.1 x 50 
Zorbax Extend C18 EXT Agilent 1.8 400 2.1 x 50 
Zorbax Stable Bond C18 SB Agilent 1.8 400 2.1 x 50 
Hypersil GOLD C18 HYP Thermo 1.9 400 2.1 x 50 
 
2.2. Paramètres cinétiques 
 
Les paramètres utilisés pour tester les performances chromatographiques sont généralement la 
hauteur équivalente à un plateau théorique minimale Hmin, la vitesse linéaire optimale uopt, les termes 
A, B et C de l’équation de Van Deemter et la résistance à l’écoulement Φ. Les paramètres cinétiques 
(hauteur de plateau réduite minimale hmin et vitesse réduite optimale vopt) sont déterminés directement 
à partir des courbes de Van Deemter.  
 
Pour le tracé des courbes de Van Deemter (Eq.(7)), les valeurs de débit de phase mobile F et 
d’efficacité N déterminées expérimentalement, sont transformées en vitesse linéaire u (Eq.(8)) et 
hauteur équivalente à un plateau théorique H (Eq.(9)), respectivement. Les termes A, B et C sont 
déterminés à partir d’un ajustement par les moindres carrés. 
 
H = A + B/u + C·u          (7) 
Où A est le coefficient d’anisotropie d’écoulement, B le coefficient de diffusion longitudinale, et C le 
coefficient de résistance au transfert de masse. 
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La valeur du terme A dépend de la régularité du remplissage et de l’uniformité de la répartition 
granulométrique de la phase stationnaire utilisée. Une colonne bien remplie avec des particules 
homogènes aura des valeurs A faibles (0.5 et 1) [31]. Des valeurs plus élevées (2-5) sont l’indice d’un 
mauvais remplissage de la colonne ou d’une répartition granulométrique large des particules dans le 
support. A faible débit (u faible), la contribution B/u est prédominante, alors qu’à débit élevé c’est le 
terme C·u qui est prédominant. Le terme B traduit l’influence de la dispersion des molécules par 
diffusion longitudinale et dépend du facteur de rétention k. Généralement une valeur de B égale à 2 
est reportée dans la littérature, mais des valeurs élevées de B, atteignant 5 [32,33], peuvent être 
obtenues (en fonction du facteur de rétention du composé). Le terme C exprime l’effet de la résistance 
au transfert de masse entre les phases stationnaire et mobile. Une valeur satisfaisante de C pour une 
colonne bien remplie est de l’ordre de 0.1 [34]. 
 
0t
L
u =        (8) 
Où L est la longueur de la colonne et t0 le temps de rétention nulle. 
 
N
LH =        (9) 
 
Le butylparabène a été sélectionné comme composé modèle, car son facteur de rétention est 
suffisamment élevé (k = 6) pour évaluer les performances chromatographiques tout en minimisant les 
effets extra-colonnes. 
 
La Fig. 1 représente les courbes de Van Deemter obtenues avec des supports de 5, 3.5, et 1.7 µm  
testés dans des conditions expérimentales identiques de phase mobile, température, nature du 
composé et de la phase stationnaire. Comme prévu théoriquement, l’efficacité augmente d’un facteur 
3 lorsque la taille des particules est réduite de 5 à 1.7 µm. La vitesse linéaire optimale est déplacée 
vers des valeurs plus élevées et le transfert de masse amélioré lorsque la taille des particules 
diminue. Il est ainsi possible de travailler à des débits supérieurs à la vitesse optimale sans perte 
significative d’efficacité. La partie grisée représente le domaine dans lequel la perte en efficacité est 
inférieure à 10% de sa valeur optimale. 
 
Figure 1 :  Influence de la taille des particules sur les courbes de Van Deemter. Colonnes : ▲= 5 µm ; ● = 3.5 µm ; ■ = 1.7 µm. 
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Afin de comparer les performances des phases stationnaires tout en s’affranchissant de la taille des 
particules, nature du soluté, ainsi que de la composition et nature de la phase mobile, les grandeurs 
réduites (Eqs.(1, 2)), adimensionnelles, sont utilisées pour tracer les courbes de Knox desquelles sont 
tirés les paramètres cinétiques réduits. Une zone optimale de travail a également été déterminée pour 
chaque support testé, laquelle correspond à une perte maximale de 10% en efficacité (Figs. 2a-c). 
 
 
Figure 2 :  Courbes de Knox : (a) Waters, particules de 1.7 µm ; ACQ () et ACQS  (). (b) Agilent, particules de 1.8 µm ; XDB 
(), SB () et EXT(). (c) Thermo Electron ; particules de 1.9 µm ; HYP (). 
 
Tous les supports testés présentent des valeurs hmin satisfaisantes (Tableau 6). Pour une colonne bien 
remplie, les valeurs de hmin doivent être comprises entre 2 et 3. La gamme de débit optimale vopt pour 
chaque colonne étudiée est similaire, exceptés ACQ et HYP, qui présentent une faible résistance au 
transfert de masse et donc des courbes de Knox plus applaties, permettant de travailler dans un 
domaine plus étendu de débits sans perdre plus de 10% d’efficacité.  
 
Un autre paramètre intéressant pour la comparaison des supports en LC rapide est le nombre de 
plateaux par unité de temps (Eq.(10)) [31]. Ce paramètre décrit le compromis entre l’efficacité et le 
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temps d’analyse et N/t0 doit être aussi élevé que possible pour obtenir des performances 
chromatographiques maximales.  
 
2
p
m
0 dh
Dv
t
N
⋅
⋅
=            (10) 
 
En diminuant la taille des particules, le rapport N/t0 est augmenté de manière significative. En 
chromatographie conventionnelle, la valeur de N/t0 est typiquement de 100 [31], alors qu’en 
chromatographie rapide elle est généralement comprise entre 400 et 1000. Les supports Acquity 
(ACQ et ACQS) et Hypersil Gold (HYP) présentent les meilleures valeurs (N/t0 ≈ 1000). Les bonnes 
performances obtenues avec HYP sont attribuées à sa faible résistance au transfert de masse (terme 
C) et à sa faible résistance à l’écoulement (Φ) (Tableau 6), lesquelles permettent de travailler à haut 
débit (740 µL/min) sans générer de perte de charge excessive et tout en maintenant une efficacité 
élevée. Pour ACQ et ACQS, les valeurs élevées de N/t0 sont obtenues grâce à leur résistance aux 
très hautes pressions (1000 bars), permettant ainsi d’appliquer de hauts débits de phase mobile (i.e. 
1200 µL/min) avec une perte acceptable d’efficacité. 
 
2.3. Limitations dues à la perte de charge 
 
Afin de comparer les supports sub-2 µm, la perméabilité et la résistance à l’écoulement sont 
également estimées. Différentes définitions de la perméabilité et de la résistance à l’écoulement 
peuvent être trouvées dans la littérature, telles que la loi de Darcy (Eq.(3)) ou l’équation de Kozeny-
Carman [31], Cette dernière définit une résistance à l’écoulement Φi tenant compte de la fraction 
interstitielle des particules (ε), tandis que dans la loi de Darcy, Φ prend en compte la porosité totale 
des particules (εT). Les valeurs de Φ sont comprises entre 500 et 1000 [31] pour des particules 
poreuses de formes régulières ou irrégulières. Les valeurs de Φi sont plus élevées (30-40%), à cause 
de la définition de la porosité considérée.  
Les valeurs de résistance à l’écoulement, selon la loi de Darcy, peuvent être déterminées en traçant la 
perte de charge ∆P en fonction de la vitesse linéaire u, la pente permettant de déterminer Φ. Selon 
l’équation de Kozeny-Carman, Φi est déterminée par le tracé de la perte de charge ∆P en fonction du 
débit F. 
Les valeurs obtenues expérimentalement (Tableau 6) se trouvent dans le domaine théorique attendu. 
Cependant, les colonnes ACQS et SB présentent les valeurs les plus élevées, tandis que HYP et XDB 
sont plus basses. Par conséquent, de hauts débits de phase mobile peuvent être appliqués à ces 
dernières sans générer de pertes de charge importantes. 
 
La hauteur de plateau réduite hmin et la résistance à l’écoulement Φ peuvent être considérées 
simultanément en estimant l’impédance de séparation E (Eq.(11)) [34,36,37]. Cette dernière permet 
de décrire le compromis vitesse-efficacité-perte de charge pour l’évaluation d’un système 
chromatographique. 
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La colonne est d’autant meilleure que E est faible. Généralement, des valeurs  de E  comprises entre 
3000 et 5000 sont obtenues avec les colonnes conventionnelles [34,36,37]. Une valeur d’impédance 
élevée signifie que la colonne est mal remplie ou a perdu en efficacité (h élevée) et/ou qu’elle génère 
une perte de charge trop élevée (Φ élevée). La majorité des supports ont des valeurs E dans le 
domaine attendu, à l’exception de la SB qui présente à la fois une moins bonne efficacité (hmin = 3.2) 
et une résistance à l’écoulement (Φ = 830) supérieure aux autres colonnes. Par ailleurs, HYP, ACQS, 
et EXT démontrent d’excellentes valeurs d’impédance (E ≈ 4000). 
 
Tableau 6 :  Performances chromatographiques obtenues avec les colonnes sub-2 µm 
 
ACQ ACQS XDB EXT SB HYP 
Taille des particules (µm) 1.7 1.7 1.8 1.8 1.8 1.9 
Nmax 10500 12800 9300 11100 8700 10100 
νopt min 3.2 3.2 2.9 2.9 8 5.1 
νopt max 10.5 7.6 7.7 8 8 12.6 
Fopt min (µL/min) 220 220 180 180 300 300 
Fopt max (µL/min) 720 520 480 500 500 740 
N/t0 max 1200 1030 590 720 590 960 
∆Pmax utilisé (bars) 1000 1000 400 400 400 400 
Fmax utilisé (µL/min) 1200 980 600 500 500 740 
hmin 2.8 2.3 3 2.5 3.2 2.6 
Φi 960 1110 920 1030 1180 880 
Φ 690 810 640 720 830 630 
E 5600 4400 5700 4400 8400 4200 
 
2.4. Représentation des courbes de cinétiques 
 
Récemment, Desmet et al. [21] ont décrit une nouvelle approche simplifiée pour construire des 
courbes de cinétique, introduites en 1965 par Giddings [38]. Traditionnellement, les courbes de Knox 
H=f(u) ou h=f(v) sont utilisées pour la détermination des paramètres cinétiques. Comme alternative, il 
a été démontré que les données expérimentales (u, H) pouvaient être représentées en tant que 
courbes de t0 en fonction de N en tenant compte de la perte de charge, de la viscosité et de la 
perméabilité (Eqs.(5, 6)). Par conséquent, des supports chromatographiques de différentes 
géométries (longueur de colonne, diamètre de colonne, diamètre des particules) peuvent être 
directement comparés. 
 
Par soucis de simplification, la colonne SB n’a pas été considérée dans cette étude. La Fig. 3, 
représentant t0/N2 en fonction de N  peut être facilement assimilable aux courbes de Knox obtenues 
sur la Fig. 2. Sur cette représentation, le minimum de la courbe de cinétique correspond à l’impédance 
E, indiquant par exemple que ACQS a une meilleure impédance que ACQ. Par ailleurs, la courbe de 
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ACQS remonte rapidement dans les faibles valeurs d’efficacité par rapport à celle d’ACQ, 
correspondant au terme C élevé sur la courbe de Knox. 
L’efficacité maximale atteignable (directement proportionnelle à la perte de charge maximale 
acceptable) peut être déterminée sur la Fig. 3 par l’asymptote verticale (flèche 1a). Il est ainsi 
théoriquement possible d’atteindre 90 000 plateaux théoriques avec ACQ et ACQS, alors que les 
autres supports testés sont limités à 40 000 – 50 000 plateaux théoriques. Cependant, pour obtenir 
des valeurs maximales d’efficacité, t0 doit être égal à environ 1000s, ce qui correspond à l’utilisation 
d’une colonne de 1 mètre à 1000 bars (Fig. 4, flèche 2a) ou 0.5 m à 400 bars (Fig. 4, flèche 2b). La 
flèche 1b de la Fig. 3 montre une augmentation de N à t0 constant, lorsque les suppports résistants à 
1000 bars sont utilisés. Il est par conséquent possible d’atteindre une meilleure efficacité avec les 
colonnes ACQ et ACQS par rapport aux autres pour un temps d’analyse équivalent. 
Enfin, la valeur minimale t0 atteignable pour un nombre de plateaux donné (flèche 1c) diminue lorsque 
∆Pmax augmente de 400 à 1000 bars, ainsi des temps d’analyse plus courts sont obtenus avec les 
colonnes résistantes à très haute pression. Ce comportement est d’autant plus prononcé que le 
nombre de plateaux augmente. Ceci explique que pour un faible nombre de plateaux (i.e.N < 10 000), 
les supports sub-2 µm limités à 400 bars sont bien adaptés et présentent des résultats similaires aux 
supports résistants à 1000 bars.  
 
Figure 3 :  Courbes de t0/N² en fonction de N  pour les supports sub-2 µm testés. Colonnes :  = ACQ,  = ACQS,  = XDB, ♦ 
= EXT,  = HYP. 
 
Figure 4 :  Courbe de L en fonction de N  pour les supports sub-2 µm testés. Colonnes :  = ACQ,  = ACQS,  = XDB, ♦ = 
EXT,  = HYP. 
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2.5. Résistance des colonnes 
 
La stabilité mécanique des particules sub-2 µm a également été étudiée au cours du temps en termes 
d’efficacité, de pression et de facteur de rétention. Les supports testés démontrent une bonne stabilité 
après plusieurs centaines d’injections. 
 
2.6. Discussion 
 
Les supports sub-2 µm apparaissent comme une alternative intéressante aux supports 
conventionnels, puisque les petites particules permettent une amélioration de l’efficacité et/ou une 
réduction  importante du temps d’analyse. Cette étude a montré qu’il est possible d’utiliser ce type de 
supports avec un équipement HPLC conventionnel (limité à 400 bars). Cependant, deux paramètres 
doivent être pris en compte. Les effets extra-colonnes doivent être minimisés et la fréquence 
d’acquisition du détecteur doit être suffisamment grande pour être compatible avec les séparations 
réalisées en moins de 1 min. C’est pourquoi, l’optimisation de l’instrumentation est indispensable pour 
obtenir des résultats acceptables. 
 
En termes de performances chromatographiques, l’augmentation de la pression jusqu’à 1000 bars 
présente de nombreux avantages. Les temps d’analyse les plus courts ont été atteints à haut débit 
(i.e. 1200 µL/min) et à haute pression (1000 bars) avec les supports Acquity. Considérant le nombre 
de plateaux par unité de temps, ces colonnes ont permis d’atteindre des valeurs supérieures à 1000 
plateaux/s, de plus leur qualité de remplissage sont comparables aux autres phases stationnaires 
testées. 
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3. TRANSFERTS DE METHODES HPLC VERS 
UPLC 
 
3.1. Introduction 
 
Le transfert de méthodes (en mode isocratique ou gradient) permet, à partir d’une séparation existante 
en HPLC conventionnelle, de réduire les temps d’analyse en utilisant des supports 
chromatographiques sub-2 µm avec la même chimie de phase stationnaire que la colonne initiale. En 
effet, dans un transfert géométrique, la phase stationnaire utilisée pour la méthode originale doit être 
identique à celle de la méthode transférée. De même, il est possible de développer une méthode 
analytique sur un support sub-2 µm, puis de la transposer sur une colonne conventionnelle ou 
préparative pour réduire le temps de développement, étant donné que les temps d’analyse en UPLC 
sont fortement réduits.  
 
Afin de démontrer le transfert de méthode, en mode isocratique et gradient, deux stratégies ont étés 
appliquées, à savoir la réduction de la longueur de la colonne et de la taille des particules. Dans un 
transfert de méthode, divers paramètres doivent être pris en compte, tels que l’instrumentation utilisée 
et la nécessité d’adapter les conditions expérimentales (volume d’injection, débit de phase mobile et 
profil du gradient). De plus, il est important de vérifier la compatibilité du système chromatographique 
avec les nouvelles dimensions de colonne. En mode isocratique, un élargissement de pic additionnel, 
dû à l’instrumentation (effets extra-colonne) peut se produire et devenir prédominant lorsque le volume 
de la colonne est réduit. En mode gradient, un volume de délai important peut engendrer des 
changements de sélectivité et donc compromettre le transfert de méthode.  
 
3.2. Transfert en mode isocratique 
 
3.2.1. Effets extra-colonnes 
 
Lorsque des colonnes de faibles dimensions sont utilisées (longueur et/ou diamètre réduits), il est 
important de minimiser les sources de dispersion. En effet, la dispersion globale d’un pic (Fig. 5) [31] 
est estimée par sa variance totale (σ²tot)  et correspond à la somme des variances générées par la 
colonne chromatographique (σ²col) et de toutes les variances extra-colonnes (σ²ext) (Eq. (12)). 
 
2
ext
2
col
2
tot σσσ +=           (12) 
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Figure 5 :  Dispersion globale d’un pic chromatographique. 
 
La variance liée à la colonne chromatographique dépend de la rétention du composé et est estimée 
selon l’équation suivante (Eq.(13)) : 
 
N
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N
V 0R2
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==σ          (13) 
Où N est le nombre de plateaux théoriques généré par la colonne chromatographique, VR le volume 
de rétention d’un soluté, V0 le volume de rétention nul, et k le facteur de rétention du composé 
considéré. 
 
Les sources de dispersion extra-colonne peuvent provenir de l’injection (σ2inj), de la détection (σ2det) et 
des tubes de connexion (σ2tub) situés entre la vanne d’injection et l’entrée de la colonne, ainsi qu’entre 
la sortie de la colonne et le détecteur. Ces sources de variance sont additionnelles (Eq.(14)) [31]: 
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Ainsi, σ2ext depend du volume injecté (Vinj), du rayon (r) et de la longueur des tubes utilisés (l,), du 
volume de la cellule de détection (Vcell), de la constante de temps du détecteur (τ), du débit de phase 
mobile (F) et du coefficient de diffusion du soluté dans la phase mobile (Dm) (Eq.(15)) [31]. 
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Où Kinj et Kcell sont des constantes liées au mode d’injection et à la géométrie de la cellule de 
détection UV, respectivement. 
 
Le rapport entre la variance extra-colonne (σ²ext) et la variance totale (σ²tot) doit être inférieure à 10%, 
pour considérer que la résolution n’est pas significativement altérée. 
Lorsque le transfert de méthode s’effectue vers une colonne ayant un volume-mort plus faible 
(réduction de la longueur et/ou du diamètre de la colonne) que la méthode originale, il est important 
que la contribution des volumes extra-colonne soit maintenue afin de garder le même rapport des 
variances (σ²ext/σ²tot) et donc une perte acceptable en efficacité. Pour cela, il est nécessaire 
d’optimiser le système LC utilisé ou alors de travailler avec un système dédié. Si cette solution n’est 
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pas envisageable (i.e. pas de cellule de détection de faible volume disponible, ni de constante de 
temps acceptable, etc.), il est nécessaire de travailler avec des facteurs de rétention élevés afin de 
compenser les effets extra-colonnes, en augmentant la variance liée à la colonne (Eq.(13)). 
Cependant, un changement des facteurs de rétention implique une modification de la composition de 
la phase mobile et donc à la fois un potentiel changement de sélectivité par rapport à la méthode 
originale et des temps d’analyse plus longs. 
3.2.2. Règles du transfert 
 
Deux paramètres doivent être adaptés pour le transfert de méthodes en mode isocratique (phases 
stationnaires identiques, mais de géométries différentes) : le volume d’injection et le débit de phase 
mobile. En effet, pour éviter des élargissements de pic dus aux effets extra-colonne (Eqs.(12, 14)) et 
maintenir un niveau équivalent de sensibilité, il est nécessaire d’adapter le volume d’injection 
proportionnellement aux dimensions de la colonne vers laquelle la méthode est transférée (Eq.(16)) :  
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Où Vinj est le volume d’injection, dc le diamètre de la colonne, L la longueur de la colonne, les indices 1 
et 2 correspondant à la méthode originale et transférée, respectivement. 
 
Pour un transfert purement géométrique, il est important de maintenir la vitesse réduite (v) constante 
entre la méthode originale et la méthode finale, car cette valeur est indépendante de la géométrie de 
la colonne et du débit de phase mobile (Eq (17)) [31] : 
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Où u est la vitesse linéaire de la phase mobile, dp le diamètre des particules et Dm le coefficient de 
diffusion du soluté dans la phase mobile. Puisque les Dm sont identiques pour les deux méthodes, il 
est important de maintenir le produit u·dp constant. Par conséquent, le nouveau débit (F2) est 
déterminé selon l’équation suivante (Eq.(18)), en tenant compte du diamètre des colonnes et de la 
taille des particules : 
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Le temps d’analyse (tr) de la méthode transférée peut également être estimé facilement à l’aide de la 
relation Eq.(19) dans laquelle le rappport tr/t0 doit être maintenu constant pour les deux méthodes : 
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Où V0 est le volume mort de la colonne. 
 
Un calculateur mis à disposition sur le site WEB du Laboratoire (« HPLC calculator ») [39] permet de 
déterminer rapidement, les conditions à utiliser pour un transfert de méthode à l’aide des équations 
précitées. 
3.2.3. Transfert sur colonnes courtes 
 
La méthode originale a été développée sur un système HPLC conventionnel utilisant une colonne 
analytique XTerra RP18 150 mm x 4.6 mm, 5 µm. La formulation pharmaceutique employée est la 
Rapidocaïne® 0.5% contenant de la lidocaïne, anesthésique local utilisé comme agent anti-arythmique 
cardiaque. La formulation contient également deux agents conservateurs (méthyl- et propyl-parabène) 
dissous dans une solution isotonique de chlorure de sodium (NaCl 0.9%) (injectable par voie 
parentérale). La 2,6-diméthylaniline, produit de dégradation de la lidocaïne, est ajoutée au mélange. 
Le temps d’analyse est de 6 min environ (Fig. 6). 
 
 
Figure 6 :  Analyse de la Rapidocaïne® sur un système LC conventionnel : 1) méthylparabène, 2) 2,6-diméthylaniline, 3) 
propylparabène, 4) lidocaïne. Colonne : XTerra RP18 (150 x 4.6 mm, 5 µm) ; Phase mobile : tampon phosphate pH 7.2 – 
acétonitrile (50 :50, v/v) ; Débit : 1 mL/min ; Volume d’injection : 20 µL ; Détection : UV@ 230 nm, 100 ms, 20 Hz, volume cellule 
UV 14 µL ; Température : 30°C.  
 
Cette méthode a été transférée sur des colonnes plus courtes (50, 30, et 20 mm). Les volumes 
d’injection et les débits de phase mobile ont été adaptés selon les règles de transfert énoncées plus 
haut (Eqs. (16, 18)). Pour cette nouvelle série d’expériences, un système LC optimisé a été utilisé 
(système UPLC), comprenant une cellule de détection de 500 nL (vs 14 µL sur un système 
conventionnel), une constante de temps de 25 ms et une fréquence d’acquisition élevée (40 Hz).  
Comme attendu par la théorie (Eq.(19)), une réduction du temps d’analyse jusqu’à un facteur 10 a été 
observée entre la colonne conventionnelle et les colonnes courtes (Fig. 7). Bien que la taille des 
particules soit réduite à 3.5 µm, la perte en efficacité est significative lorsque la longueur des colonnes 
diminue. Une perte en résolution et sensibilité a été observée avec les colonnes de 30 et 20 mm et la 
hauteur des pics est réduite d’un facteur 3 à 4 entre les colonnes de 150 et 20 mm. 
 
41 
___________________________________________________________________ 
 
 
 
Figure 7 :  Analyse de la Rapidocaïne® sur un système LC optimisé (UPLC) : 1) méthylparabène , 2) 2,6-diméthylaniline, 3) 
propylparabène, 4) lidocaïne. Phase mobile : tampon phosphate pH 7.2 – acétonitrile (50 :50, v/v) ; Débit : 1.4 mL/min ; 
Détection : UV@ 230 nm, 25 ms, 40 Hz, volume cellule 500 nL ; Température : 30°C. (a) Colonne : XTerra  RP18 (50 x 4.6 mm, 
3.5 µm) ; Volume d’injection : 7 µL. (b) Colonne : XTerra RP18 (30 x 4.6 mm, 3.5 µm) ; Volume d’injection : 4 µL. (c) Colonne : 
XTerra RP18 (20 x 4.6 mm, 3.5 µm) ; Volume d’injection : 3 µL. 
 
Les colonnes courtes remplies de particules de 3.5 µm sont intéressantes pour effectuer des 
séparations simples (e.g. contrôle de qualité d’une formulation pharmaceutique). Cependant, il est 
nécessaire de générer des séparations présentant des facteurs de rétention plus élevés (k > 3) afin de 
réduire la contribution des effets extra-colonne. Pour la séparation de mélanges plus complexes, le 
couplage avec un détecteur plus sélectif (e.g. spectromètre de masse) représente une approche 
intéressante, pour autant que les temps de scan soient suffisamment courts. 
3.2.4. Transfert sur UPLC 
 
L’utilisation de colonnes chromatographiques présentant un faible volume (longueur et/ou diamètre de 
colonne réduits) permet de réduire la consommation de solvant et d’obtenir des temps d’analyse très 
courts. Ainsi, des colonnes de 50 x 2.1 mm ont été utilisées pour le transfert. Afin de compenser la 
perte d’efficacité due à la réduction de la longueur de colonne, des particules de très faible diamètre 
(sub-2 µm) ont été employées pour le transfert de méthode. Le volume d’injection et le débit de phase 
mobile ont également été adaptés (Eqs. (16, 18)) en tenant compte de la nouvelle géométrie (2.1 x 50 
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mm, 1.7 µm). La colonne utilisée est une colonne Acquity Shield BEH RP18 (Waters, Milford, Etats-
Unis) présentant une sélectivité similaire à la XTerra RP18 utilisée dans la méthode originale (Fig. 6). 
Dans ces nouvelles conditions, le temps d’analyse est réduit d’un facteur 9 (Fig. 8a) et, comme 
attendu, la sélectivité et la résolution sont similaires à la méthode originale et l’efficacité identique à la 
séparation originale. Les colonnes Acquity font partie d’une nouvelle génération de phases 
stationnaires composées de matériaux hybrides, compatibles avec des pressions pouvant atteindre 
1000 bars. Par conséquent, la même analyse a également été réalisée à 1000 µL/min, correspondant 
à la pression maximale compatible avec le système et la colonne UPLC (Fig. 8b). Dans ces 
conditions, une séparation ultra-rapide est obtenue en moins de 30 s avec des performances 
chromatographiques équivalentes (facteurs de rétention et sélectivité) à la méthode originale, malgré 
une perte acceptable en efficacité (< 10%). En terme de sensibilité, aucune modification significative 
de la hauteur des pics n’est observée, mais le rapport signal sur bruit (S/N) est réduit d’un facteur 3 
dans les méthodes transférées. Ce phénomène est attribué à la faible constante de temps et à la 
haute fréquence d’acquisition du détecteur UV (25 ms et 40 Hz, respectivement). 
 
 
 
Figure 8 :  Analyse de la Rapidocaïne® sur un système LC optimisé (UPLC) : 1) méthylparabène , 2) 2,6-diméthylaniline, 3) 
propylparabène, 4) lidocaïne. Colonne : Acquity Shield BEH RP18 (50 x 2.1mm, 1.7 µm); Phase mobile : tampon phosphate pH 
7.2 – acétonitrile (50 :50, v/v) ; Volume d’injection : 1.4 µL ; Détection : UV@ 230 nm, 25 ms, 40 Hz, volume cellule 500 nL ; 
Température : 30°C. (a) 610 µL/min. (b) 1000 µL/min . 
 
Les colonnes courtes remplies de particules sub-2 µm sont donc parfaitement compatibles avec les 
analyses rapides et ultra-rapides et permettent de conserver de bonnes performances 
chromatographiques, en mode isocratique. 
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3.3. Transfert en mode gradient 
 
Tout comme le transfert en mode isocratique, le transfert géométrique en mode gradient nécessite 
l’adaptation des conditions expérimentales (volume d’injection, débit de phase mobile, profil du 
gradient). La compatibilité du système chromatographique avec les nouvelles dimensions de colonne 
doit être vérifiée. Bien que la dispersion des pics liée aux volumes extra-colonnes soit moins critique 
en mode gradient qu’en mode isocratique, des changements de sélectivité peuvent être observés 
lorsque le volume de délai est significatif par rapport au volume de la colonne. 
 
3.3.1. Volume de délai 
 
Le volume de délai (« dwell volume » ou Vd) représente le volume compris dans un système 
chromatographique entre l’endroit où le mélange des phases mobiles est effectué et l’entrée de la 
colonne analytique [40-42]. Le temps de délai (td) représente la durée nécessaire au gradient 
programmé sur le logiciel pour arriver à l’entrée de la colonne. Les pompes LC à basse pression 
possèdent généralement un volume de délai plus important que les systèmes à haute pression et sont 
donc peu compatibles avec des séparations ultra rapides. Durant td, les solutés sont sujets à une 
migration isocratique dans la composition de la phase mobile initiale du gradient (Fig. 9). Etant donné 
que le volume de délai peut être différent d’un système à l’autre, la durée du palier isocratique généré 
par le volume de délai sera différent et par conséquent, les facteurs de rétention, les résolutions et les 
sélectivités de la méthode transférée peuvent être modifés (i.e. changement du profil du gradient). Afin 
de s’affranchir de ce type de problème, le rapport entre les temps de délai (td) et de rétention nul (t0) 
doit être maintenu constant, lors du transfert de méthode (changement de système LC et/ou de 
dimensions de colonnes). 
 
Figure 9 :  Représentation graphique du gradient d’élution et du temps de délai. 
 
Dans le cas où le transfert de méthode s’effectue sur un système LC conventionnel et que la colonne 
sur laquelle la méthode est transférée est plus courte que celle utilisée pour la méthode originale (e.g. 
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20 mm vs 150 mm) (Fig. 10), des différences de performances chromatographiques sont observées. 
La réduction de la longueur de colonne conduit à une perte en résolution. De plus, l’utilisation d’un 
système LC conventionnel non adapté pour les colonnes courtes conduit à des changements de 
sélectivité non désirés. En effet, le rapport td/t0 de la méthode transférée n’est pas équivalent à celui 
de la méthode originale, ce qui conduit à une modification du profil du gradient. Sur la Fig. 10, les 
profils du gradient à l’entrée de la colonne sont représentés (traits pointillés). Sur la méthode originale 
(Fig. 10a), on remarque que le gradient démarre après l’élution du premier pic en mode isocratique 
alors que sur la méthode transférée, celui-ci débute après l’élution des six premiers pics en mode 
isocratique. Afin de remédier à ce type de problème entraînant un changement de sélectivité (co-
élution des pics (2-3) et (5-6)), plusieurs solutions existent pour maintenir le rapport td/t0 constant,  
mais ne sont pas toujours appliquables. Parmi celles-ci, on peut citer la réduction du volume de la 
chambre de mélange et des tubes de connexion s’y rapportant (i.e. utilisation d’un système LC 
optimisé), l’injection de l’échantillon après le démarrage du gradient (i.e. réduction virtuelle du temps 
de délai par un retard à l’injection) ou le changement du profil de gradient dans les nouvelles 
conditions (i.e. ré-optimisation de la séparation). 
 
 
Figure 10 :  Séparation d’une formulation pharmaceutique contenant le principe actif (5) et 8 impuretés ((1) à (9)) sur un 
système LC conventionnel ; Phase mobile : acide formique 0.1% dans eau / acide formique 0.1% dans acétonotrile (gradient) ; 
Détection : UV@205 nm, 25 ms, 100 ms, 20 Hz, volume cellule 14 µL. (a) Colonne : XTerra RP18 (150 x 4.6 mm, 5 µm) ; Débit : 
1 mL/min ; Volume d’injection : 20 µL ; Temps total du gradient : 45 min. (b) Colonne : XTerraRP18 (20 x 4.6 mm, 3.5 µm) ; 
Débit : 1.4 mL/min ; Volume d’injection : 3 µL ; Temps total du gradient : 4.2 min. 
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3.3.2. Règles du transfert 
 
Outre le rapport td/t0 qui doit être maintenu constant, d’autres paramètres doivent également être 
adaptés pour le transfert de méthodes en mode gradient. Le volume d’injection (Eq.16), le débit de 
phase mobile (Eq.18) et le profil du gradient doivent être modifiés en tenant compte des géométries 
de colonne originale et finale pour maintenir les facteurs de rétention apparents et les résolutions 
identiques. Le profil peut être décomposé en deux segments distincts : le palier isocratique et le 
gradient proprement dit. Par ailleurs, la composition des phases mobiles, initiale et finale, doit rester 
constante, seule la durée du palier et du gradient change. 
 
Concernant le palier isocratique qui peut se situer en début de gradient, au milieu de celui-ci ou lors 
du rééquilibrage de la colonne, le rapport entre sa durée (tiso) et le temps mort de la colonne (t0) doit 
être maintenu constant, afin de maintenir le nombre de volumes de colonne percolés constant entre 
les deux méthodes (Eq.(20)). 
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Où F est le débit de phase mobile, V0 le volume mort de la colonne, les indices 1 et 2 correspondant à 
la méthode originale et transférée, respectivement. 
 
Concernant la pente du gradient, le produit de la pente par le temps mort de la colonne doit être 
maintenu constant (afin de maintenir un nombre de volumes de colonne percolés constant) (Eq.(21)). 
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En considérant la nouvelle pente (pente2), le temps du gradient peut être estimé selon l’équation 
suivante (Eq.(22)) : 
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        (22) 
 
Où %Binitial, et %Bfinal correspondent à la composition de solvant organique contenu dans la phase 
mobile initiale et finale, respectivement. 
 
Un calculateur mis à disposition sur le site WEB du Laboratoire (« HPLC calculator ») [39] permet de 
déterminer rapidement, les conditions à utiliser pour un transfert de méthode à l’aide des équations 
précitées. 
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3.3.3. Transfert sur colonnes courtes 
 
La méthode originale pour l’analyse du profil d’impuretés, contenant le principe actif en présence de 8 
impuretés, a été développée en mode gradient sur un système conventionnel utilisant une colonne 
analytique de 150 x 4.6 mm, 5 µm. Le temps d’analyse est de 30 min (Fig. 10a). 
Cette méthode a été transférée sur des colonnes courtes (50, 30, et 20 mm) présentant la même 
chimie de phase stationnaire (XTerra RP18). Les volumes d’injection, les débits de phase mobile et le 
profil du gradient ont été adaptés selon les règles de transfert (Eqs. (16, 18, 20-22)). Un système LC 
optimisé (i.e. UPLC) comprenant des volumes de délai et extra-colonne réduits a été utilisé. On 
remarque tout d’abord une nette amélioration de la séparation entre les systèmes LC conventionnel et 
optimisé pour une colonne de 20 mm (Fig. 10b et Fig. 11c). Le transfert de méthode sur un système 
optimisé possédant un faible volume de délai montre de bonnes séparations avec des temps 
d’analyse réduits (Fig. 11), allant d’un facteur 4 à 10 selon la longueur de colonne utilisée (50 et 20 
mm, respectivement). Cependant, comme déjà mentionné en mode isocratique, la perte de résolution 
est constatée parallèlement à la  diminution de la longueur de colonne. La résolution la plus critique 
(entre les pics (5) et (6)) et la capacité de pics, par rapport à la méthode originale, diminuent de 20% 
avec la colonne de 50 mm, alors qu’avec les colonnes de 30 et 20 mm, la perte est de 40 et 60%, 
respectivement. Malgré la réduction des performances chromatographiques, la séparation des 8 
impuretés et du principe actif reste satisfaisante, avec une résolution minimale de 1.5 même avec la 
colonne de 20 mm. Une perte en sensibilité a également été observée, la hauteur des pics étant 
réduite d’un facteur 3 à 4 entre les colonnes de 150 et 20 mm, ceci résultant de l’élargissement des 
pics par rapport à la méthode originale. 
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Figure 11 :  Séparation d’une formulation pharmaceutique contenant le principe actif (5) et 8 impuretés ((1) à (9)) sur un 
système optimisé (UPLC) ; Phase mobile : acide formique 0.1% dans eau / acide formique 0.1% dans acétonitrile (gradient) ;  
Débit 1.4 mL/min ; Détection : UV@205 nm, 25 ms, 40 Hz, volume cellule 500 nµL. (a) Colonne : XTerra RP18 (50 x 4.6 mm, 3.5 
µm) ; Volume d’injection : 7 µL ; Temps total du gradient : 10.5 min. (b) Colonne : XTerraRP18 (30 x 4.6 mm, 3.5 µm) ; Volume 
d’injection : 4 µL ; Temps total du gradient : 6.3 min. (c) Colonne : XTerraRP18 (20 x 4.6 mm, 3.5 µm) ; Volume d’injection : 3 
µL ; Temps total du gradient : 4.2 min. 
 
Le transfert de méthode en mode gradient d’une colonne conventionnelle vers des colonnes plus 
courtes permet de réduire significativement les temps d’analyse. Cependant, un système LC optimisé 
doit être utilisé afin de réduire le volume de délai proportionnellement au volume de la colonne et les 
volumes extra-colonne.  
 
3.3.4. Transfert sur UPLC 
 
L’utilisation de colonnes courtes remplies de particules de 3.5 µm démontre des performances 
limitées puisque la réduction de la taille des particules n’est pas pas suffisante pour compenser la 
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perte de résolution et de capacité de pics dues à la diminution de la longueur de la colonne.  La 
capacité de pics théorique (calculée sur la base d’un système LC optimisé) en fonction de la longueur 
et de la taille des particules d’une colonne est reportée sur la Fig.12. 
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Figure 12 :  La capacité de pics théorique en fonction de la longueur et de la taille des particules d’une colonne. ▲ = particules 
de 5 µm ; ■ = particules de 3.5 µm ; ● = particules de 1.7 µm. 
 
Selon la Fig. 12, les colonnes courtes remplies de particules de 5 µm sont adaptées pour la 
séparation de mélanges simples (perte importante en capacité de pics). Par contre, lorsque la taille 
des particules et la longueur de colonne diminuent simultanément (flèches), il est possible de 
maintenir une capacité de pics constante. Ainsi, avec un gradient de 30 min effectué sur une colonne 
conventionnelle de 150 x 4.6 mm d.i., remplie de particules de 5 µm, la capacité de pics théorique est 
de 215. L’obtention de la même capacité de pics avec une colonne remplie de particules de 3.5 µm 
requiert une longueur de 100 mm. Par contre en réduisant davantage la taille des particules, il est 
possible de travailler avec des colonnes de 50 mm remplies de particules de 1.7 µm pour obtenir les 
mêmes performances chromatographiques (le transfert de méthode va donc être effectué sur cette 
géométrie de colonne). 
 
Etant donné que les performances chromatographiques en HPLC et UPLC sont identiques, un 
exemple plus complexe a été sélectionné pour le transfert de méthode vers l’UPLC. La méthode 
d’origine est un profil d’impuretés (séparation du principe actif et de 11 impuretés potentielles). Cette 
dernière a été développée sur un système HPLC conventionnel utilisant une colonne analytique de 
150 x 4.6 mm, 5 µm avec un temps d’analyse de 27 min (Fig. 13a). Cette méthode a été ensuite 
transférée sur un système LC optimisé (i.e. UPLC), en tenant compte des règles de transfert (Eqs. 
(16, 18, 20-22). Une colonne de 50 x 2.1 mm, 1.7 µm a été sélectionnée et le temps d’analyse obtenu 
est de 3 min (Fig. 13b), la résolution, la capacité de pics et la sensibilité sont maintenues.  
 
Compte tenu de la nature de la phase stationnaire, résistante à 1000 bars, le débit de phase mobile a 
été augmenté jusqu’à sa valeur maximale afin de réduire davantage le temps d’analyse (le profil du 
gradient a été adapté). Un débit de 1000 µL/min (Fig. 13c) a été utilisé, générant un temps d’analyse 
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de 1.7 min. Une faible perte, néanmoins acceptable, de résolution est observée due à l’application du 
débit supérieur à la vitesse optimale. La séparation des 12 composés a été réalisée avec un gain de 
temps d’un facteur 15 (27 vs 1.7 min). 
 
 
Figure 13 :  Séparation d’une formulation pharmaceutique contenant le principe actif (7) et 11 impuretés ((1) à (12)). Phase 
mobile : acide formique 0.1% dans eau / acide formique 0.1% dans acétonitrile (gradient) ;  Détection : UV@205 nm. (a) 
Colonne : XBridge C18 (150 x 4.6 mm, 5 µm) ; Système LC : conventionnel ; Volume d’injection : 20 µL ; Débit : 1000 µL/min ; 
Temps total du gradient : 45 min. (b) Colonne : Acquity BEH C18 (50 x 2.1 mm, 1.7 µm) ; Système LC : UPLC ; Volume 
d’injection : 1.4 µL ; Débit : 610 µL/min ; Temps total du gradient : 5.1 min. (c) Colonne : Acquity BEH C18 (50 x 2.1 mm, 1.7 
µm); Système LC : UPLC ; Volume d’injection : 1.4 µL ; Débit : 1000 µL/min ;Temps total du gradient : 3.1 min. 
 
3.4. Discussion 
 
 
Les temps d’analyse des méthodes transférées vers l’UPLC peuvent être réduits de manière 
significative (jusqu’à un facteur 15) par rapport aux méthodes originales effectuées en LC 
conventionnelle. 
 
L’utilisation de colonnes courtes remplies de particules de 3.5 µm offre une efficacité, et par 
conséquent une résolution, limitée. L’utilisation de ces colonnes en mode isocratique est uniquement 
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adaptée à des mélanges  simples ou alors couplées à un spectromètre de masse (MS) pour 
augmenter la sélectivité de la méthode. En mode gradient, ces colonnes courtes peuvent être utilisées 
plus aisément, car la perte en résolution est moindre.  
 
Les colonnes courtes remplies de particules sub-2 µm permettent de réduire drastiquement les temps 
d’analyse tout en maintenant de bonnes performances chromatographiques. La nouvelle génération 
de phases stationnaires résistantes à 1000 bars permet de travailler à des débits plus importants et 
donc de réduire davantage les temps d’analyse avec une perte acceptable en performances 
chromatographiques (≈ 10%). 
 
Lors du transfert de méthode, une attention particulière doit être apportée au système LC utilisé. Les 
volumes extra-colonne et volumes de délai doivent être adaptés, proportionnellement à la réduction 
du volume de colonne. Les conditions expérimentales doivent également être adaptées en termes de 
volume d’injection, de débit de phase mobile et, le cas échéant, de profil du gradient. 
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4. VALIDATION DE METHODES EN UPLC 
 
4.1. Introduction 
 
D’un point de vue quantitatif, les différentes approches LC rapides n’ont pas été complètement 
investiguées dans la littérature et seules quelques publications décrivent les performances 
quantitatives de ces techniques. Afin d’évaluer les performances quantitatives de l’UPLC et de 
comparer cette approche avec d’autres techniques rapides (monolithes, HTLC, sub-2 µm), une étude 
comparative a été menée. L’analyse d’une formulation pharmaceutique (Rapidocaïne®) a été 
développée et validée avec chacune des techniques investiguées. La procédure de validation a été 
réalisée en accord avec les critères ICH (International Conference on Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals for Human Use) [46], en suivant le protocole 
SFSTP 2003 (Société Française des Sciences et Techniques Séparatives) [47]. 
 
Les techniques LC rapides sélectionnées pour la procédure de validation sont les suivantes : 
utilisation de monolithes, de la haute température (HTLC), de supports sub-2 µm et de supports sub-2 
µm résistants à la haute pression (UPLC). Les avantages et limitations de chaque approche sont 
résumés dans le Tableau 7. 
Tableau 7 :  Avantages et limitations des différentes approches LC rapides. 
Approches Avantages Limitations 
Perte de charge faible – possibilité 
d’obtenir des efficacités élevées avec des 
Lcol≥1 m 
Méthodes HPLC difficilement transférables 
Compatibilité avec les systèmes LC 
conventionnels  
Faible résistance au pH (2 < pH < 7) et à la 
pression (∆P ≤ 200 bars) Monolithes 
Diverses chimies de monolithe 
disponibles: organique et inorganique 
(carbone, zircone, silice, etc) 
Peu de diamètres de colonnes disponibles 
(grande consommation de solvant) 
Perte de charge faible – possibilité 
d’obtenir des efficacités élevées avec des 
Lcol ≥ 1 m 
Nécessité d’utiliser un système de 
préchauffage et de refroidissement de la 
phase mobile (système dédié) 
Chimie verte (faible proportion de solvant 
organique à haute température)  
Instabilité des phases stationnaires à haute 
température (phases stationnaires dédiées) 
Amélioration de la forme des pics pour les 
composés basiques (modification des 
pKa) 
Instabilité thermique des composés 
(nécessité d’évaluer les molécules 
préalablement) 
Température comme paramètre 
additionnel dans le développement de 
méthode 
Méthodes difficilement transférables 
(changement de sélectivité à haute 
température) 
LC à haute température (HTLC) 
Possibilité de coupler la haute 
température avec d’autres approches LC 
rapides (sub-2µm, UPLC) 
  
Réduction significative du temps 
d’analyse (jusqu’à 10 fois) Grande perte de charge 
Méthodes facilement transférables  
Compatibilité limitée avec les systèmes LC 
conventionnels (volumes extra-colonne trop 
élevés) Supports sub-2 µm  
Nombreuses colonnes sub-2 µm 
disponibles sur le marché (C4, C8, C18, 
HILIC, phényl, etc.) 
  
Réduction importante du temps d’analyse 
(jusqu’à 20 fois) 
Nécessité d’utiliser un système LC dédié 
(résistant à la haute pression) 
Possibilité d’obtenir des efficacités 
élevées avec des Lcol ≥ 15cm 
Risque de compressibilité des solvants et de 
« frictional heating » à haute pression 
Supports sub-2 µm  
résistants à 1000 bars (UPLC) 
Méthodes facilement transférables   
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4.2. Critères de validation 
 
Le but de la validation d’une procédure analytique, selon la norme ICH [48,49], est de démontrer 
qu’elle correspond à l’usage pour lequel elle est prévue. L’objectif d’une méthode est de pouvoir 
quantifier le plus exactement et le plus précisément possible chacune des quantités inconnues que le 
laboratoire aura à évaluer. L’objectif de la validation est de donner au laboratoire et aux autorités des 
garanties suffisantes que chacune de ces mesures qui seront réalisées en routine avec cette méthode 
seront proches de la vérité.  
 
Les critères de validation sélectionnés pour cette étude sont les suivants :  
- spécificité – sélectivité  
- fidélité 
- justesse 
- exactitude 
 
 
4.3. Procédure de validation 
 
La formulation pharmaceutique utilisée pour la procédure de validation est la Rapidocaïne® 0.5%, 
sous  forme d’injectable par voie parentérale. De manière à reproduire au mieux un échantillon réel, le 
produit de dégradation de la lidocaïne est ajouté dans les échantillons concernés (2,6-
diméthylaniline). 
 
La procédure de validation de la formulation pharmaceutique est réalisée sur 3 jours. Chaque jour 
comprend une série d’injections de 14 échantillons : 
- 1 x SST  
- 2 x Blanc  
- 2 x CAL 100%  
- 3 x RDF 80% 
- 3 x RDF 100% 
- 3 x RDF 120% 
 
SST :  System Suitability Test, échantillon reconstitué, contenant la lidocaïne, méthylparabène, propylparabène et la 2,6-
diméthylaniline. Le SST permet d’évaluer la sélectivité de la méthode. 
Blanc :  Echantillon ne contenant que la matrice, soit le chlorure de sodium dilué dans de l’eau pure. Le blanc permet 
d’évaluer la spécificité de la méthode. 
CAL :  Standard d’étalonnage (Standard of Calibration), contenant la lidocaïne uniquement. Les CAL permettent d’établir la 
droite d’étalonnage. 
RDF :  Standard de validation (Reconstituted Dosage Formulation), échantillon standard reconstitué dans la matrice, à 
différentes teneurs en lidocaïne. Les RDF permettent d’évaluer la justesse de la méthode.  
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Cette procédure de validation a été utilisée pour l’évaluation quantitative de la méthode LC 
conventionnelle, ainsi que pour les différentes approches LC rapides (monolithe, HTLC, sub-2 µm, et 
UPLC). 
 
4.4. Comparaison quantitative des méthodes rapides 
 
La méthode originale a été effectuée en LC conventionnelle (Fig. 14) avec un temps d’analyse de 10 
min environ. 
 
 
Figure 14 :  Séparation d’une formulation de Rapidocaïne® reconstituée (RDF100%) contenant : (1) méthylparabène, (2) 2,6-
diméthylaniline, (3) propylparabène, (4) lidocaïne HCl. Colonne : XTerra RP18 (150 x 4.6 mm, 5 µm) ; Système LC : 
conventionnel ; Volume d’injection 10 µL ; Phase mobile : acétonitrile – tampon phosphate pH 7.4 (40 :60 v/v), Débit : 1 mL/min, 
Détection : UV@230 nm, 100 ms, 20 Hz. 
 
La méthode a été transférée, puis optimisée en fonction de la particularité de chaque technique (e.g. 
pH, pourcentage de solvant organique, débit, fréquence d’acquisition, etc.), tout en maintenant des 
résolutions chromatographiques acceptables dans chaque cas. Afin de mieux comprendre la 
particularité de chaque approche, les courbes de Knox (Fig. 15) et de pression (Fig. 16) ont été 
tracées. 
 
Le gain en efficacité, par rapport à la LC conventionnelle (particules de 5 µm), est de 20% pour les 
monolithes et la HTLC utilisant des particules de 5 µm, tandis que pour les deux supports sub-2 µm, le 
gain est de 50 à 60%. Les vitesses linéaires optimales (uopt), par rapport à la LC conventionnelle, sont 
déplacées vers des valeurs plus élevées, particulièrement pour la HTLC et les supports sub-2 µm. 
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Figure 15 :  Comparaison des courbes de Knox pour différentes approches LC.  = colonne LC conventionnelle XTerra RP18 
150 x 4.6 mm, 5 µm ;  =  colonne monolithique Chromolith C18 100 x 4.6 mm;  = colonne HTLC Zorbax Stable Bond C18 
150x4.6 mm, 5 µm, temperature : 90°C,  = colonne Hypersil GOLD C18  50 x 2.1 mm, 1.9 µm, pression maximale 400 bars ;  
= colonne UPLC Acquity Shield BEH RP18 50 x 2.1 mm, 1.7 µm, pression maximale 1000 bars.  
 
Cependant, les supports sub-2 µm présentent une perte de charge (Fig. 16) importante liée à la 
réduction de la taille des particules (loi de Darcy (Eq.(3)) [31]. Parmi les techniques rapides, les 
monolithes et la HTLC affichent les valeurs les plus faibles en terme de perte de charge. Les 
monolithes bénéficient d’une grande perméabilité liée à leur structure bimodale (i.e. macropores et 
mésopores) [10]. Pour la HTLC, la viscosité de la phase mobile diminue avec la température 
expliquant la faible perte de charge générée [13]. 
 
Figure 16 :  Comparaison de la perte de charge en fonction de la vitesse réduite pour différentes approches LC.  = colonne 
LC conventionnelle XTerra RP18 (150 x 4.6 mm, 5 µm) ;  =  colonne monolithique Chromolith C18 (100 x 4.6 mm);  = colonne 
HTLC Zorbax Stable Bond C18 (150x4.6 mm, 5 µm), température : 90°C,  = colonne Hypersil GOLD C18  (50 x 2.1 mm, 1.9 
µm), pression maximale 400 bars ;  = colonne UPLC Acquity Shield BEH RP18 (50 x 2.1 mm, 1.7 µm), pression maximale 
1000 bars. 
 
Alors que la méthode originale a été effectuée à un débit de phase mobile de 1 mL/min avec un temps 
d’analyse de 8.5 min, le débit utilisé pour la colonne monolithique a été ajusté à 5 mL/min afin de 
réduire les temps d’analyse (1.4 min) tout en gardant une efficacité comparable à la méthode originale 
(flèches 1 et 2 Fig. 15). Pour la HTLC à 90°C, le d ébit utilisé a pu être augmenté à 4 mL/min (flèche 3 
Fig. 15) permettant une séparation en 2.3 min. Quant aux colonnes de 2.1 mm d.i. remplies de 
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particules sub-2 µm, le débit générant la pression maximale supportée par la colonne a été utilisé, soit 
600 µL/min pour la colonne résistant à 400 bars (flèche 4 Fig. 15) et 1000 µL/min pour la colonne 
UPLC (flèche 5 Fig.15), ceci avec des efficacités supérieures à la méthode originale et avec des 
temps d’analyse de 1.35 et 0.75 min, respectivement. Le pH des solutions tampon et la proportion de 
solvant organique (acétonitrile) ont été adaptés selon les colonnes utilisées afin d’obtenir des 
résolutions suffisantes dans chaque cas. Les chromatogrammes générés avec la colonne 
monolithique (Fig 17a), la HTLC (Fig. 17b), le support sub-2 µm résistant à 400 bars (Fig. 17c) et le 
support sub-2 µm résistant à 1000 bars (Fig.17d) sont présentés ci-dessous : 
 
 
 
 
Figure 17 :  Séparation d’une formulation de Rapidocaïne® reconstituée (RDF100%) contenant : (1) méthylparabène, (2) 2,6-
diméthylaniline, (3) propylparabène, (4) lidocaïne HCl. (a) Colonne : =  colonne monolithique Chromolith C18 (100 x 4.6 mm); 
Système LC : conventionnel ; Volume d’injection 10 µL ; Phase mobile : acétonitrile – tampon phosphate pH 6.0 (32 :68 v/v), 
Débit : 5 mL/min, Détection : UV@230 nm, 100 ms, 20 Hz, Température : 30°C. (b) Colonne : =  HTLC Zorb ax Stable Bond C18 
(150x4.6 mm, 5 µm); Système LC : conventionnel ; Volume d’injection 10 µL ; Phase mobile : acétonitrile – tampon phosphate 
pH 5.0 (31 :69 v/v), Débit : 4 mL/min, Détection : UV@230 nm, 100 ms, 20 Hz, Température : 90°C. (c) C olonne Hypersil GOLD 
C18 (50 x 2.1 mm, 1.9 µm), pression maximale 400 bars; Système LC : UPLC ; Volume d’injection 2 µL ; Phase mobile : 
acétonitrile – tampon phosphate pH 7.0 (40 :60 v/v), Débit : 600 µL/min, Détection : UV@230 nm, 25 ms, 40 Hz, Température : 
30°C. (d) Colonne UPLC Acquity Shield BEH RP 18 (50 x 2.1 mm, 1.7 µm), pression maximale 1000 bars; Système LC : UPLC ; 
Volume d’injection 2 µL ; Phase mobile : acétonitrile – tampon phosphate pH 7.2 (40 :60 v/v), Débit : 1000 µL/min, Détection : 
UV@230 nm, 25 ms, 40 Hz, Température : 30°C.  
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4.4.1. Spécificité - sélectivité 
 
La spécificité-sélectivité de toutes les approches évaluées est jugée satisfaisante puisque les profils 
chromatographiques n’ont révélé aucune interférence entre la lidocaïne et les autres constituants de 
la formulation. Les résolutions minimales obtenues dans les conditions utilisées sont toujours 
comprises entre 3 et 6. 
 
4.4.2. Fidélité 
 
Les valeurs obtenues pour la répétabilité et la fidélité intermédiaire se trouvent dans les limites 
acceptables (Tableau 8). L’ensemble des méthodes est donc jugé acceptable d’un point de vue de 
l’erreur aléatoire. 
 
Tableau 8 :  Répétabilité et fidélité intermédiaire des diverses méthodes. 
 Concentration par 
niveau Conven. Monolith HTLC 
Sub-2µm 
400 bars UPLC 
80% 0.8% 0.9% 0.6% 0.8% 0.7% 
100% 1% 0.8% 1.2% 0.9% 1.2% 
120% 0.7% 1.0% 0.7% 0.9% 0.8% 
CV
 
ré
pé
ta
bi
lit
é 
Valeurs acceptables pour la répétabilité : < 1% 
80% 0.8% 1.2% 0.9% 0.9% 0.9% 
100% 1% 1.7% 1.6% 0.9% 1.2% 
120% 0.7% 1.1% 0.7% 0.9% 0.9% C
V 
 
fid
él
ité
 
in
te
rm
éd
ia
ire
 
Valeurs acceptables pour la fidélité intermédiaire : < 2% 
 
4.4.3. Justesse 
 
Les valeurs de justesse, généralement exprimées en terme de recouvrement, doivent être comprises 
entre 98% et 102 % pour une formulation pharmaceutique. Dans les cinq méthodes testées, les 
valeurs de recouvrement sont satisfaisantes et se situent entre 99.2 et 101.3 %. 
 
Tableau 9 :  Justesse des diverses méthodes. 
 Concentration par 
niveau Conv. Monolith HTLC 
Sub-2µm 
400 bars UPLC 
80% 100.1% 99.6% 101.3% 99.0% 100.4% 
100% 99.2% 99.4% 100.7% 99.2% 99.5% 
120% 99.7% 99.5% 100.7% 99.5% 100.0% J
u
st
es
se
 
Valeurs acceptables pour la justesse : 98 - 102% 
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4.4.4. Exactitude 
 
L’exactitude, représentant la contribution de la fidélité et de la justesse d’une méthode, doit se trouver 
dans l’intervalle 95 – 105 % de la valeur cible pour une formulation pharmaceutique. Par soucis de 
clarté, l’exactitude est souvent présentée sous forme de profil d’exactitude (SFSTP 1997). Toutes les 
approches (Fig. 18a-e) utilisées présentent des performances inclues dans cet intervalle de confiance. 
 
 
 
Figure 18 :  Profils d’exactitude des diverses techniques. (a) Colonne conventionnelle XTerra RP18 (150 x 4.6, 5 µm) ; (b) 
Colonne monolithique Chromolith (100 x 4.6 mm) ; (c) Colonne HTLC Zorbax Stable Bond (150 x 4.6 mm, 5 µm) ; (d) Colonne 
Hypersil GOLD (50 x 2.1 mm, 1.9 µm) ; (e) Colonne UPLC Acquity Shield BEH (50 x 2.1 mm, 1.7 µm). 
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4.5. Discussion 
 
Toutes les approches évaluées ont donné des résultats quantitatifs satisfaisants et comparables à la 
LC conventionnelle. Par conséquent, il est possible de réduire significativement le temps nécessaire à 
la validation. Un total de 140 min est nécessaire pour réaliser une journée de validation en LC 
conventionnelle, alors qu’en HTLC, monolithes et avec les supports sub-2 µm à haute pression, les 
temps d’analyse (en tenant compte du temps de cycle d’injection) sont réduits, respectivement, de 3, 4 
et 8 fois. D’un point de vue qualitatif, le choix des supports sub-2 µm résistant à 1000 bars permet 
d’obtenir un grand nombre de plateaux théoriques avec un temps d’analyse raisonnable (e.g. 
séparation de mélanges complexes) et de réduire significativement les temps d’analyse tout en 
maintenant de très bonnes performances quantitatives.  
Les différentes approches LC rapides ne permettent pas uniquement de réduire le temps nécessaire à 
la procédure de validation, mais également de générer un plus grand nombre d’analyses par unité de 
temps pour l’utilisation de la méthode en routine. 
 
 
59 
___________________________________________________________________ 
 
5. UPLC A HAUTE TEMPERATURE 
 
5.1. Introduction 
 
La combinaison de la HTLC (High Temperature Liquid Chromatography) et de l’UPLC (Ultra High 
Performance Liquid Chromatography), appelée HT-UPLC, est une stratégie de choix pour effectuer 
des séparations ultra-rapides. Grâce à la diminution de la résistance au transfert de masse et à la 
diminution de la viscosité avec la haute température ainsi qu’à l’utilisation des particules sub-2 µm 
[13], cette approche permet de réduire davantage les temps d’analyse, en élevant le débit maximal de 
phase mobile, moyennant une perte de charge acceptable. La HT-UPLC représente également une 
bonne alternative pour améliorer la résolution chromatographique par unité de temps d’analyse, en 
utilisant des colonnes de longueurs supérieures à 150 mm, remplies de particules sub-2 µm. 
 
Ce travail présente les avantages liés à l’utilisation de la HT-UPLC, à savoir la réduction du temps 
d’analyse (séparations ultra-rapides) et l’augmentation de la résolution chromatographique pour des 
séparations complexes. Le comportement chromatographique et la stabilité des particules sub-2 µm 
dans des conditions de haute pression et de haute température a été évalué. Le potentiel de 
l’approche HT-UPLC a été démontré via des séparations ultra-rapides (< 1 min). 
 
5.2. Stabilité des colonnes 
 
La stabilité de la colonne Acquity (Acquity BEH Shield RP18 2.1 x 50 mm, 1.7 µm) a été évaluée sur 
500 injections (équivalent à 7500 volumes de colonne) à l’aide d’un mélange test contenant le méthyl-, 
éthyl-, propyl- et butyl-parabène à une température de 90°C et un débit de phase mobile de 1 mL/min,  
générant une perte de charge de 600 bars. Les performances chromatographiques ont été évaluées 
en mesurant l’évolution de l’efficacité, des facteurs de rétention, de l’asymétrie et de la perte de 
charge en fonction du temps. 
 
Aucun changement significatif n’a été observé sur les facteurs de rétention pour les quatre composés 
testés, les coefficients de variation (CV) étant compris entre 3.3 et 3.7%. Les efficacités reportées sont 
également constantes avec des CV compris entre  5.6% pour le méthylparabène et 8.8% pour le 
butylparabène (pour ce dernier, l’efficacité décroît de 11'000 à 10'000 plateaux après 500 injections). 
La variation du facteur d’asymétrie est acceptable pour les quatre composés, avec un CV moyen de 
5%. En ce qui concerne la perte de charge, une augmentation acceptable de 5% (30 bars) entre la 
première et la dernière injection a été observée. La colonne a démontré une bonne stabilité à la 
température pendant 500 injections. 
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5.3. Performances chromatographiques 
 
5.3.1. Facteur de rétention 
 
Comme mentionné plus haut, la température peut affecter les paramètres chromatographiques et plus 
particulièrement le facteur de rétention (k), la sélectivité et la résolution. En chromatographie liquide à 
polarité de phase inverse, une élévation de température réduit k, puisque la constante diélectrique de 
l’eau décroît également avec la température. Ainsi, la température a un effet similaire sur la séparation 
chromatographique à une modification de composition de la phase mobile. L’eau peut, à haute 
température, remplacer une large proportion de solvant organique. Selon la littérature, une 
augmentation de 5°C est comparable à un changement de 1% d’acétonitrile [50], alors qu’une 
élévation de 3.75°C peut être comparée à une augmen tation de 1% de méthanol [51]. 
 
5.3.2. Débit optimal 
 
Lorsque la température de la phase mobile augmente, la vitesse linéaire optimale se déplace vers des 
valeurs plus élevées. D’un point de vue théorique, la vitesse linéaire optimale augmente 
proportionnellement avec le coefficient de diffusion (Dm) selon l’Eq. (23) [31]. 
 
p
m
d
Dv
u
⋅
=
           (23) 
 
Selon l’équation de Wilke-Chang, mise à jour par Katz et Scott (Eq. (24)) [52,53], la valeur du 
coefficient de diffusion augmente, puisque la viscosité (η) de la phase mobile diminue avec la 
température (T). 
 
6.0
15
m V
MT109.6D
⋅
⋅⋅⋅
=
−
η
ψ
         (24) 
Où Ψ est le facteur d’association des molécules de solvant, M la masse molaire du solvant et V le 
volume molaire du soluté à l’ébullition. 
 
Comme attendu, les données expérimentales confirment les valeurs théoriques (Tableau 10, Fig. 19) 
calculées à l’aide des Eqs. (23, 24). 
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Figure 19 :  Courbes de Knox obtenues à différentes températures avec la colonne Acquity BEH Shield RP18 (50 x 2.1 mm, 1.7 
µm).  = 30°C ; ■ = 60°C ;  = 90°C.  
 
Tableau 10 :  Paramètres cinétiques obtenus à différentes températures. 
 
30°C 60°C 90°C 
ACN (%) 33 29 25 
η (cP) 0.85 0.59 0.42 
Dm (butylparabène) (m2/s) 6.6·10-10 1.1·10-9 1.6·10-9 
Fmax utilisé(µL/min) 1200 1600 1800 
∆Pmax utilisé(bars) 1000 970 860 
uopt exp (mm/s) 5.1 7.9 12.0 
uopt theo (mm/s) (5.1 considéré) 8.1 12.4 
Hopt exp (µm) 4.8 4.6 4.4 
N/t0 max 1200 1800 2100 
 
La vitesse linéaire optimale en HT-UPLC augmente significativement par rapport à la LC 
conventionnelle, grâce à deux contributions principales : la valeur élevée du coefficient de diffusion et 
la faible taille des particules (Eq.(24)). Notons, par ailleurs, que puisque le transfert de masse est 
amélioré avec la température, l’utilisation de hauts débits de phase mobile n’entraîne pas de perte 
significative d’efficacité. 
 
5.3.3. Efficacité 
 
Selon la littérature, des résultats contradictoires sont observés concernant l’évolution de l’efficacité 
maximale avec la température. Une diminution de l’efficacité avec la température est souvent attribuée 
aux effets extra-colonne, plus élevés en HTLC (k plus faible à haute température), ou à une mauvaise 
thermorégulation, générant un gradient de température à l’intérieur de la colonne. Dans notre étude, la 
proportion de solvant organique a été adaptée à la température de travail afin de maintenir les 
facteurs de rétention constants (k ≈ 13). Dans ces conditions, l’optimum de la hauteur équivalente à 
un plateau théorique (Hopt) aux trois températures testées reste constante (Tableau 10). 
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5.3.4. Perte de charge 
 
La perte de charge augmente de façon moins marquée avec le débit de phase mobile lorsque la 
température augmente (Eqs.(3, 23)). En HT-UPLC, pour un débit donné, la perte de charge est réduite 
de 33% entre 30° et 60°C, et 22% entre 60° et 90°C.   
 
 
Figure 20 :  Tracés de la perte de charge en fonction du débit de phase mobile à différentes températures avec la colonne 
Acquity BEH Shield RP18 (50 x 2.1 mm, 1.7 µm).  = 30°C ; ■ = 60°C ;  = 90°C.  
 
5.3.5. Efficacité par unité de temps 
 
L’efficacité par unité de temps (Eq.(10)) décrit le compromis entre l’efficacité et le temps d’analyse. 
L’utilisation simultanée de la haute température et des particules sub-2 µm à haute pression permet 
d’augmenter significativement l’efficacité par unité de temps, grâce à l’augmentation du coefficient de 
diffusion (Dm) et la réduction du diamètre des particules (dp). L’utilisation des particules sub-2 µm a 
montré qu’il est possible d’atteindre des valeurs N/t0 comprises entre 600 et 1200 (cf. section 2.2). Les 
valeurs N/t0 obtenues à 30°, 60° et 90°C sont respectivement ég ales à 1200 (F = 1200 µL/min), 1800 
(F = 1600 µL/min) et 2100 (F = 2100 µL/min). L’utilisation de colonnes courtes remplies de particules 
sub-2 µm permet d’élever significativement les débits de phase mobile sans perte significative 
d’efficacité, générant des N/t0 particulièrement élevés. Selon nos connaissances, de telles valeurs 
expérimentales n’ont jamais été reportées dans la littérature. 
 
Afin d’illustrer l’intérêt de la HT-UPLC pour les séparations rapides, la séparation d’un mélange simple 
de parabènes a été effectuée à 90°C et 1.8 mL/min. Cette séparation (Fig. 21) a été réalisée en moins 
de 10 s, avec des résolutions supérieures à 1.5. Cependant, dans ces conditions, les facteurs de 
rétention sont petits (k < 2) et les contributions extra-colonne élevées, conduisant à une efficacité de 
4500 plateaux (vs 11'000) pour le dernier pic (butylparabène). 
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Figure 21 :  Séparation ultra-rapide d’un mélange de parabènes. (1) uracil, (2) méthylparabène, (3) éthylparabène, (4) 
propylparabène, (5) butylparabène. Colonne : Acquity BEH Shield RP18 (50 x 2.1 mm, 1.7 µm); Système LC : UPLC ; Volume 
d’injection 1 µL ; Phase mobile : acétonitrile – eau (50 :50 v/v), Débit : 1800 µL/min, Détection : UV@254 nm, 25 ms, 40 Hz. 
 
5.4. Analyses rapides 
 
5.4.1. Séparation d’agents dopants 
 
Une méthode a été développée pour la séparation d’un mélange de 9 agents dopants (un anti-
inflammatoire, un stéroïde et divers diurétiques). La séparation a initialement été développée à 
température ambiante, puis les profils de gradient ont été adaptés pour les débits testés à l’aide du 
logiciel « HPLC calculator » [39]. Compte tenu de la masse molaire moyenne des composés du 
mélange (350g/mol), le débit optimal est de 400 µL/min à 30°C et la séparation dure 2.8 min (Fig. 
22a). Comme attendu (Fig. 19), l’augmentation du débit de phase mobile (600, 800 et 1000 µ/min) 
(Fig. 22b-d) détériore significativement la séparation. Une perte de résolution est observée entre les 
pics 4 et 5 (dexaméthasone et furosémide), menant à une co-élution des pics. 
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Figure 22 :  Séparation d’agents dopants à 30°C et à différents  débits de phase mobile. Colonne : Acquity BEH Shield RP18 (50 
x 2.1 mm, 1.7 µm) ;  Phase mobile (gradient) : 0.1% acide formique dans eau – 0.1% acide formique dans acétonitrile ; 
Température : 30°C ; Volume d’injection : 1 µL ;  D étection : UV@254 nm, 25 ms, 80 Hz ; Composés : (1) acétazolamide, (2) 
chlortalidone, (3) clopamide, (4) dexaméthasone, (5) furosémide, (6) indapamide, (7) bumétanide, (8) probénécide, (9) acide 
éthacrynique. (a) 400 µL/min ; (b) 600 µL/min ; (c) 800 µL/min, (d) 1000 µL/min. 
 
La même séparation a été réalisée à haute température (i.e. 90°C) et à différents débits de phase 
mobile (600, 1000, 1500 et 1700 µL/min) (Fig. 23a-d). A cause des changements de sélectivité liés à 
l’augmentation de température, l’ordre d’élution des pics 4, 5 et 6 (dexaméthasone, furosémide et 
indapamide) a été modifié. Les profils de gradient ont donc été ré-optimisés en fonction de la 
température à l’aide du logiciel Osiris (Datalys, Grenoble, France). Dans les conditions optimales de 
séparation à 90°, tous les pics sont séparés indépe ndamment du débit, en particulier, grâce au bon 
transfert de masse à haute température (Fig. 19). Le temps d’analyse diminue significativement à haut 
débit (2.3 min à 600 µL/min vs 0.8 min à 1700 µL/min) et la séparation complète des 9 agents dopants 
a été réalisée en moins de 1 min à 90°C (Fig. 23d).  
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Figure 23 :  Séparation d’agents dopants à 90°C et à différents  débits de phase mobile. Colonne : Acquity BEH Shield RP18 (50 
x 2.1 mm, 1.7 µm) ;  Phase mobile (gradient) : 0.1% acide formique dans eau – 0.1% acide formique dans acétonitrile ; 
Température : 30°C ; Volume d’injection : 1 µL ;  D étection : UV@254 nm, 25 ms, 80 Hz ; Composés : (1) acétazolamide, (2) 
chlortalidone, (3) clopamide, (4) dexaméthasone, (5) furosémide, (6) indapamide, (7) bumétanide, (8) probénécide, (9) acide 
éthacrynique. (a) 600 µL/min ; (b) 1000 µL/min ; (c) 1500 µL/min, (d) 17000 µL/min. 
 
5.4.2. Séparation de trois agents anti-tuberculeux 
 
Récemment, l’OMS (Organisation Mondiale de la Santé) [54] a lancé une vaste campagne de lutte 
contre la tuberculose pour les prochaines années. Actuellement, on compte dans le monde une 
nouvelle infection par le bacille tuberculeux chaque seconde et un tiers de la population mondiale est 
infecté. La progression de souche de bacilles résistants à un ou plusieurs antibiotiques requiert une 
chimiothérapie longue et nécessite l’association de plusieurs antituberculeux. Les trois agents 
antituberculeux bactéricides principaux recommandés par les autorités internationales pour le 
traitement initial intensif sont la rifampicine (RIF), l’isoniazide (ISN) et le pyrazinamide (PYR), connu 
en Suisse sous la formulation Rifater®.  
 
La Pharmacopée américaine (USP) propose une méthode de séparation par chromatographie liquide 
en 15 min (temps de ré-équilibrage non compris, env. 20 min) utilisant une colonne de 250 mm de 
long et 4.6 mm de diamètre interne. La méthode proposée par l’USP a été adaptée puis optimisée 
pour l’utilisation de colonnes dans les conditions UPLC et HT-UPLC (2.1 x 50 mm, 1.7 µm). La Fig. 
24a montre la séparation effectuée au débit maximal supporté par l’instrument à 30°C (1 mL/min) en 
moins de 1.5 min. A 90°C, le débit a pu être augmen té davantage (1.4 mL/min), permettant d’obtenir 
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une séparation similaire en moins de 1 min. Le temps de ré-équilibrage pour ces méthodes rapides 
est d’environ 1 min.  
 
Comme mentionné précédemment, l’UPLC ainsi que la HT-UPLC permettent de réduire 
drastiquement les temps d’analyse. Etant donné le nombre élevé d’analyses à effectuer pour le 
contrôle de qualité ou le suivi thérapeutique dans le cas du Rifater®, diminuer la durée de la procédure 
analytique est devenu une nécessité. 
 
 
Figure 24 :  Séparation d’une formulation de Rifater® reconstituée (RDF 100%). Colonne : Acquity BEH C18 (50 x 2.1 mm, 1.7 
µm) ;  Phase mobile (gradient) : tampon phosphate pH 7.0 – acétonitrile ; Volume d’injection : 2 µL ;  Détection : UV@254 nm, 
25 ms, 80 Hz ; Composés : (1) isoniazide, (2) pyrazinamide, (3) rifampicine. (a) T = 30°C, F = 1000 µL /min ; (b) T = 90°C, F = 
1400 µL/min. 
 
5.4.3. Séparation d’un cocktail pharmaceutique 
 
Une colonne de 30 mm remplie de particules sub-2 µm a également été évaluée. D’un point de vue 
théorique, la réduction de la longueur de colonne induit une diminution du temps d’analyse, de 
l’efficacité et de la perte de charge (facteur 1.7 par rapport à une colonne de 50 mm). Bien que la 
réduction de la longueur permette de travailler à des débits plus importants, la perte en efficacité limite 
l’utilisation de telles colonnes aux mélanges simples, où la résolution n’est pas critique. 
 
La séparation d’un cocktail pharmaceutique contenant 8 composés (benzodiazépines, analgésiques et 
barbituriques) a été développée à 30° et 90°C sur u ne colonne de 30 mm de long. Les conditions 
expérimentales optimales ont été déterminées aux deux températures de travail à l’aide d’un logiciel 
d’optimisation (Osiris, Datalys, Grenoble). La Fig. 25a présente la séparation optimale obtenue à 30°C  
au débit optimal de 600 µL/min (masse moléculaire moyenne de 250 g/mol). Dans ces conditions, la 
séparation n’est pas acceptable et la sélectivité entre les pics 4, 5 et 6 est insuffisante. Cependant, 
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grâce aux changements de sélectivité liés à la température, la séparation complète des pics est 
obtenue à 90°C (Fig. 25b) avec un temps d’analyse d e 40 s pour un débit de 2 mL/min (débit 
maximum applicable). Ce type de stratégie ne peut être utilisée que pour des mélanges simples, étant 
donné l’efficacité limitée, générée par ces colonnes courtes (N ≈ 6000 en mode isocratique). 
 
 
Figure 25 :  Séparation d’un cocktail pharmaceutique. Colonne : Acquity BEH Shield RP18 (30 x 2.1 mm, 1.7 µm) ;  Phase 
mobile (gradient) : 0.1% acide formique dans eau – 0.1% acide formique dans acétonitrile ; Volume d’injection : 1 µL ;  
Détection : UV@254 nm, 25 ms, 80 Hz ; Composés : (1) paracétamol, (2) phénazone, (3) phénobarbital, (4) 
méthylphénobarbital, (5) propyphénazone, (6) nitrazépam, (7) flunitrazépam, (8) diazépam. (a) T = 30°C , F = 600 µL/min ; (b) T 
= 90°C, F = 2000 µL/min.  
 
 
5.5. Discussion 
 
La stabilité de la colonne est un des principaux problèmes relevés en HTLC. La colonne utilisée en 
HT-UPLC (Acquity BEH Shield RP18) a démontré une bonne stabilité thermique à 90°C a près 500 
injections (correspondant à 7500 volumes de colonne) dans des conditions de haute pression (∆P > 
400 bars). 
 
L’utilisation simultanée de la HTLC et de l’UPLC (HT-UPLC) est une stratégie prometteuse pour 
l’obtention de séparations ultra-rapides (moins de 1 min) sans perte de charge excessive sur des 
colonnes de 30 ou 50 mm. Cependant, le changement de sélectivité dû à l’élévation de la température 
peut être un facteur limitant et doit être considéré lors du développement de méthode. 
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ABSTRACT 
 
In order to enhance chromatographic performances in terms of efficiency and rapidity, liquid 
chromatography has recently evolved in the development of short columns packed with small particles 
(sub-2 µm) working at high pressures (> 400 bar). This approach has been described 30 years ago 
according to the fundamental chromatographic equations. However, systems and columns compatible 
with such high pressures have been introduced on the market in 2004, only. Advantages of small 
particles working at high pressure will be discussed in terms of sensitivity, efficiency, resolution and 
analysis time. Potential problems encountered with high pressure in terms of frictional heating and 
solvent compressibility will also be discussed even if systems working at a maximum pressure of 1000 
bar are not influenced by these parameters and give reliable and reproducible results. Several 
applications will highlight the potential and interest of this new technology. 
 
Keywords: Small particles; Sub-2 µm particle; Ultra-high pressure; UPLC; Fast LC. 
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1. INTRODUCTION 
 
Today, in several fields, the number of samples is continuously growing while the time response 
delivery needs to be greatly reduced. Therefore, one of the main objectives of analytical laboratories is 
to develop rapid and efficient procedures for performing qualitative and quantitative analyses. In this 
regard, liquid chromatography remains the method of choice for the quantitative determination of 
several compounds in different matrices. Low and high molecular weight compounds and polymers or 
bio-polymers (proteins) can be separated by LC due to the huge number of possible combinations 
between the mobile and the stationary phases. However, conventional analysis times are usually 
higher than 10 min. Therefore, it is necessary to develop fast or ultra-fast methods with cycle times 
less than 5 and 1 min, respectively.  
 
The simplest approach to reduce the analysis time is the concomitant use of short columns (3-5 cm) 
and high flow rates. Short columns always present faster analysis and re-equilibration times, and lower 
back-pressures which are compatible with high flow rates. They are packed with particles that are 3 or 
3.5 µm in diameter and are commercially available since the 90’s. However, chromatographic 
performances are reduced since efficiency is directly related to the column length. Therefore, only a 
few separations were performed in isocratic mode with a conventional UV detector [1,2]. Nevertheless, 
this strategy is of particular interest in the gradient mode. In 1998, Mutton reported a gradient 
separation of a test mixture transferred from a conventional column (4.6 x 150 mm) to a short column 
(4.6 x 33 mm), both packed with 3 µm particles [3]. The initial method took 40 minutes and was 
reduced to only 3.5 minutes in the shorter column, with a concomitant increase in the flow rate from 1 
to 2.5 mL/min. As expected, a loss in resolution was observed.  
In order to overcome the lack of chromatographic resolution afforded by decreasing the column length, 
mass spectrometry can be efficiently employed. The use of a 10 mm column was reported for the 
gradient separation of pesticides in fruits and vegetables [4]. Method validation was performed 
successfully with this short column packed with 5 µm particles coupled with ESI/MS/MS. Other 
applications reported in the literature with short columns used gradient LC methods coupled with MS 
or MS/MS [5-14]. 
Another approach concerns the use of monolith instead of porous particles packed in columns. 
Monolithic rods, made of silica or polymeric material, can accept high flow rates (typically 3 to 10 times 
larger flow rates) in conventional column lengths without generating high back pressures. Moreover, 
efficiency and resolution are comparable to silica particles of ca. 3 µm. This particular behaviour is due 
to its bi-modal structure with macropores and mesopores. The size of macro- and mesopores could be 
controlled independently for managing permeability and chromatographic performances [15]. 
Monoliths have been developed during the last decade and several research articles, reviews, books 
and even a special edition of HRC & CC [16] have been published reporting their synthesis and 
domain of applications as stationary phases for liquid chromatography. They are particularly adapted 
to simple analyses such as quality control in the pharmaceutical industry.  
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Two types of monolithic supports are described, namely organic polymers such as polymethacrylates, 
polystyrenes, or polyacrylamide [17,18] and inorganic polymers based on silica and more recently on 
carbon [19] and zirconia [20]. In LC, monoliths made of silica give generally better chromatographic 
performances than organic polymers [21]. Monolithic silica columns developed by Tanaka and 
Nakanishi in 1996 [22] are commercialized by Merck (Darmstadt, Germany) and more recently by 
Phenomenex (Torance, CA, USA) under the brand names ChromolithTM, and OnyxTM, respectively. 
They possess macropores of 2 µm and mesopores of 13 nm. This structure provides good 
chromatographic performances at low back pressures [23] and maintains high efficiency at higher flow 
rates than optimal values due to a good mass transfer. Currently, about 200 research articles have 
been published in relation to fast LC analyses carried out in different fields (e.g. drugs and 
metabolites, food additives, enantiomers, biological samples). With monolithic silica columns, 
separations were achieved in a few minutes or even seconds as already described by Dear et al. [24]. 
In this case, the use of short monolithic silica column (5 cm) allowed the separation of six metabolites 
of debrisoquine in 1 min without any loss in chromatographic performance compared to a conventional 
analytical separation. It is noteworthy that besides performing fast analyses, due to the high 
permeability of monoliths, several columns can be coupled in series (L > 1 m) generating high 
efficiency (N > 100’000 theoretical plates). This property can be used in proteomics and metabolomics 
where high separation efficiency is required. Tanaka et al. [25] coupled fourteen ChromolithTM 
Performance RP-18e columns, representing 1.4 m of monolithic stationary phases and producing 
108’000 plates for separating test compounds (alkylbenzenes). However, monolithic columns suffer of 
several drawbacks, such as the limited number of commercially available columns which reduce their 
domain of applications, as well as their internal diameters (i.e., 4.6 mm, 3.0 mm, or 100 µm I.D.). 
Therefore, large internal column diameters are not fully compatible with mass spectrometry and 
induce a high consumption of organic solvent. Finally, monoliths made of silica possess a limited pH 
range over which they are applicable (2 < pH < 8). 
 
High temperature liquid chromatography (T > 60 °C) can also be used to perform rapid analysis with 
conventional column lengths since mobile phase viscosity and back pressures are decreased. 
Simultaneously, efficiency, mass transfer and optimal velocity increased with temperature, permitting 
the application of high mobile phase velocity. In 2000, Yang et al. demonstrated a separation of five 
alkylphenones at 150°C in 20 s instead of 20 min at  ambient temperature [26]. Moreover, at elevated 
temperature, the dielectric constant of water decreases. Thus, the latter can replace a large proportion 
of the organic solvent in the mobile phase which represents a great advantage (i.e. green chemistry). 
For example, a separation of steroids with 100 % of water at 200°C was performed by Clark et al. [27] 
in less than 30 s. Retention factors and selectivity can be modified as a function of temperature due to 
differences of interaction between the analyte and the stationary phase [28]. In order to optimize 
resolution, column temperature can be modulated. Dolan et al. reported that for complex separations, 
a simultaneous optimization of temperature and mobile phase composition improved resolution [29]. 
However, even with the above mentioned advantages, HTLC is not routinely used since it has some 
drawbacks. First, the limited availability of packing materials stable at high temperature is a problem 
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[30-32]. Second, a potential degradation of unstable compounds could occur, but several authors 
proved that compounds are not decomposed at high temperature since the analysis time is very short 
and analytes are on the chromatographic support. It should be noted that Yang et al. demonstrated a 
separation of three proteins carried out at 120° C without compound stability problems [33]. Finally, a 
particular set-up is required for heating and cooling the mobile phase before and after the 
chromatographic column, respectively. Recently, some manufacturers commercialized different 
systems for performing HTLC adequately.  
 
As demonstrated by Knox more than 30 years ago and by other authors [34-37], the use of small 
particles is one of the best solutions to improve chromatographic performances. The plot of plate 
height versus linear velocity (generally called a Knox curve) demonstrates the performances of small 
particles. The latter give lower plate height values and thus higher efficiency. Optimal separations are 
also achieved at higher linear velocities and over a wider range of linear velocities because of the low 
mass transfer resistance of these supports. Thus, better resolution and reduced analysis time could 
be attained by reducing the particle size (Fig. 1). 
 
Figure 1. Theoretical Knox curves plotted for several particle sizes comprised between 1.7 µm and 10 µm, with A=1, B=1.5 and 
C=0.05.  
 
According to the chromatographic performances afforded by small particles, the latter can be used for 
two main objectives. First, small particles can be used to perform fast and ultra-fast analyses since a 
good efficiency can be maintained with short columns and at high flow rate. Second, high resolution 
can be generated with longer columns, close to the optimal flow rate. As reported for monoliths, high 
efficiency is needed in several domains (proteomics and metabolomics). 
 
This review will focus on the use of small particles (≤ 2 µm) combined with conventional pressure (< 
400 bar) or high pressure (up to 1000 bar) systems. Advantages of these new supports will be 
discussed in terms of analysis time and resolution. The behaviour of such stationary phases will be 
also compared to conventional particles. Potential problems of these approaches will be also briefly 
examined in terms of column resistance, solvent compressibility and frictional heating as well as 
instrument considerations. 
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2. INTEREST OF SMALL PARTICLES 
 
Since the beginning of liquid chromatography, users have been trying to improve separation by 
increasing resolution and productivity. Theoreticians have known for years that, the use of small 
particles size results in high plate numbers, as well as faster separations.  History of LC [38] shows an 
important size reduction, from the first particles (100-200 µm) developed in the 50’s for liquid 
chromatography (LC) to sub-2 µm particles that have been recently commercialized (Table 1).  
 
Table 1. History of particles size in LC. Adapted from ref. [38]  
Years Particle Size Plates/15cm 
1950’s 100 µm 200 
1967 50 µm 1000 
1972 10 µm 6000 
1985 5 µm 12000 
1992 3-3.5 µm 22000 
1996* 1.5 µm 30000 
2000 2.5 µm 25000 
2004 1.7 µm 30000 
* Non-porous silica or resins 
 
These small particles lead to significant improvements in terms of efficiency (Eq. (1)) and time 
reduction (Eq. (2)), since the optimal flow rate is inversely proportional to particle diameter.  
 
pdh
LN
⋅
=
       (1) 
Where, L is the column length, h the reduce plate height and dp the particle diameter. 
 
p
m
d
Dv
u
⋅
=
       (2) 
Where, v is the reduced mobile phase velocity, u the optimal velocity, and Dm the diffusion coefficient 
of the solute into the mobile phase. 
 
In the late 60’s, Horváth and co-workers introduced columns packed with rigid pellicular particles (40-
50 µm), which could withstand high pressures [39]. The thin porous coating allowed a rapid solute 
mass transfer into and out of the packing, producing an improvement in column efficiency compared to 
the large porous particles used at this time. However, pellicular packing has a low surface area and 
therefore low sample capacity. 
The transition from large porous and pellicular particles to smaller porous particles (in the range of 10 
µm) occurred in the early 70’s in order to avoid the drawbacks of pellicular material [36]. However, 
particles of silica smaller than 40 µm have demonstrated some difficulties with packing reproducibility. 
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Irregular shapes of micro-porous particles were used throughout the 70’s [40-43], until spherical 
material was obtained and improved [44-46].  
Knox explained in 1977 [35] that ultra fast-LC (i.e. low resolution but with short analysis time) would 
require a new generation of particles and instrumentations. Particles of 1 or 2 µm should be used to 
obtain t0 ≈ 10 s with reasonable pressures, and column lengths between 20 and 40 mm. Due to the 
strong reduction of the retention volume and the high applied flow rate, the instrumental limitations 
were the injector and detector performances (i.e. the injected quantity as well as detector time 
constant, and cell volume). For this reason, 20 to 30 years have been spent for developing sub-2 µm 
particles and short columns. 
In the 80’s, 5 µm became the standard particle diameter and in the early 90’s,  
3 - 3.5 µm particle diameters were also commercially available. The latter demonstrated 30-50% faster 
analysis times and higher efficiencies compared to 5 µm. Methods can be easily transferred from 5 µm 
to similar 3 or 3.5 µm stationary phases[47]. 
Small non-porous supports of 1.5 µm were introduced in 1996 [36] followed by the development of 
ultra-micron non-porous silica [48]. These supports minimize the pore diffusion and mass transfer 
resistance effects. Therefore, non-porous silica columns can work in a much wider flow-rate range 
without any loss in chromatographic performance. Non-porous silica supports are also more resistant 
and remain stable at high temperatures and pressures [49]. Columns packed with 1.5 µm particles 
provided high efficiency (equivalent to 200’000 plates/m). However, due to the reduction in surface 
area, non-porous supports exhibit lower retention times and loading capacity than porous columns. 
Such materials are generally proposed for separating macromolecular compounds that slowly diffuse 
in the mobile phase [50]. 
 
In 2004, the first available porous silica with small particle size was commercialized (1.7 µm) which 
allowed better resolution compared to the current 5 or 3.5 µm. Several column suppliers now offer 
columns packed with particles in the range of 1.5 – 2 µm. The term sub-2 µm, including particles of 2 
µm, is used in this work for sake of clarity. Porous sub-2 µm supports that are commercially available 
have been summarized in Table 2.  
 
Table 2. Sub-2 µm supports commercially available 
Manufacturers Column name Particle size (µm) 
Agilent Zorbax RRHT 1.8 
Alltech Alltima, Platinum, ProSphere 1.5 
Bischoff ProntoPEARL sub-2 TPP Ace 1.8 
Interchim TSKgel Super-ODS 2.0 
Macherey Nagel Nucleodur 1.8 
Sepax GP Series 2.0 
Shimadzu Pathfinder 1.5 
Thermo Electron Hypersil GOLD 1.9 
Waters ACQUITY BEH 1.7 
YMC YMC Ultra Fast 2.0 
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It can be noted that due to the high efficiency of sub-2 µm particles, the column length can be reduced 
to obtain the same resolution in a short analysis time in isocratic mode [51]. If the main goal is an 
analysis time reduction, increasing the optimal flow rate above the optimal value allows ultra-fast 
separations, without loss in resolution due to the lower mass transfer resistance of small particles. On 
the other hand, if the critical factor is resolution, maintaining column length allows a higher resolution 
with an equivalent analysis time.  
 
In gradient mode, several authors have also demonstrated studies where decreasing particle size was 
used for improving peak capacity and thus chromatographic resolution [52,53]. Particle size reduction 
has more effect than column length, gradient time or flow rate to improve peak capacity in gradient 
mode. 
 
However, these small particles can generate a high back pressures (> 400 bar) incompatible with a 
conventional instrumentation. According to Darcy’s law (Eq. (3)), dependence of column inlet pressure 
on the particle diameter dp is clearly demonstrated.  
 
2
pd
LuP φη∆ ⋅⋅⋅=        (3) 
Where, L is the column length, η the mobile phase viscosity, and Ф the flow resistance. 
 
The pressure drop is directly proportional to the cube of particle diameter (according to equations 2 
and 3). It means that under optimal flow rate conditions, a 1.7 µm column will generate a pressure 27 
times higher than a 5 µm column for an identical column length and a back pressure higher than 400 
bar could be generated with column lengths higher than 30 mm or 50 mm. Thus, new systems have 
been developed to be compatible with high pressures. To overcome this drawback, different strategies 
can be proposed such as particles presenting a lower flow resistance or an inhomogeneous particle 
size distribution with sub-2 µm, or larger particle size diameters. 
 
3. INFLUENCE OF THE GENERATED BACK-PRESSURE 
 
In this article the terms: Ultra Performance Liquid Chromatography (UPLC) and Ultra High Pressure 
Liquid Chromatography (UHPLC) respectively are related to a maximal pressure of 1000 bar and 
superior to 1000 bar. Others terminologies are currently used by manufacturers such as Rapid 
Resolution High Throughput (RRHT) for pressure up to 600 bar or Extreme High Pressure Liquid 
Chromatography for pressure up to 1000 bar. 
 
3.1. Do we need high pressure? 
 
As described by equation 3, reducing the particle size rapidly increases the pressure drop. Early in the 
60’s, Knox showed that the speed limitation of chromatographic systems was related to the maximum 
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working pressure. Additionally, an increase in pressure drop is mandatory to improve efficiency with 
long columns [34,54,55]. Later, Guiochon and co-workers [56] also showed that at a fixed particle size, 
the pressure drop was directly related to the plate number in agreement with Eq. (4). 
2
p
m
max
max dDB
PN ⋅
⋅⋅⋅
=
ηφ
∆
       (4) 
Where, Nmax is the maximum achievable number of plate, ∆Pmax the maximum pressure drop, and the 
B term of the Knox curve. 
 
Recently, Desmet et al. described a new approach to illustrate the influence of maximal back-pressure 
on Nmax or t0 based on kinetic plots, Eqs. (5), (6) [57]. 
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Where, Kv0 is the column permeability, u0 the velocity of permeating non-retained solute, and H the 
height equivalent to a theoretical plate. 
 
Kinetic plots are advantageous in that the performance of different LC supports can be directly 
compared whatever their length, particle size, and pressure drop. Desmet et al. compared four 
commercially available chromatographic columns packed with 5, 3.5 and sub-2 µm particles as well as 
monoliths. It was clearly demonstrated that the use of sub-2 µm supports combined with high pressure 
(1000 bar) constituted the best system over the entire range of accessible plate numbers (up to N = 50 
000) in the shortest time tomin [57]. 
Other chromatographic parameters are also influenced by the pressure drop; the plate number per 
time unit (N/t0) [54,58] and the separation impedance (E) which describes the best compromise in 
terms of speed, efficiency and pressure drop as described by Eq. (7). The concomitant use of high 
pressures and small particles is the best way to improve N/t0 and to reach the smallest E [35,59], i.e. 
to obtain the shortest retention time, for a given back-pressure and a required plate number. 
 
η
∆
⋅
⋅
= 2
0
N
PtE        (7) 
Where, t0 is the column dead time. 
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3.2. Preliminary works at very high pressure 
 
The first report on UHPLC was published in 1969 by Bidlingmeyer et al. [60,61] with sub-2 µm 
particles packed into long, thick columns. However, irreproducible results were obtained due to the 
inherent difficulty in getting a good packing quality.  
 
Figure 2. UHPLC chromatogram of small organic test compounds obtained on a capillary column (52 cm x 30 µm I.D., packed 
with 1.5 µm non-porous particles size) at a pressure of 4100 bar (reprinted from ref. [62] with permission from ACS). 
 
The first remarkable separations performed at pressures up to 4100 bar in a fused-silica capillary (30 
µm I.D., 52 cm length, 1.5 µm non-porous particles size) were described in 1997 by Jorgenson et al. A 
number of plates in the range of 140’000 to 190’000 were obtained with small molecules eluted in less 
than 10 min [62] (see Fig. 2). In 2003, the maximal back pressure was increased; and the particle size 
decreased to obtain exceptional chromatographic performances. A separation of five compounds 
under isocratic conditions was obtained (30 µm I.D., 43 cm length, 1.0 µm non-porous particles size) 
at a pressure of 7000 bar. Analysis time was reduced to less than 4 minutes with plate numbers 
between 190’000 to 300’000 [63] as shown in Fig. 3. 
 
Figure 3. UHPLC chromatogram of small organic test compounds obtained on a capillary column (43 cm x 30 µm I.D., packed 
with 1.0 µm non-porous particles size) at a pressure of 7000 bar (reprinted from ref. [63] with permission from LCGC Europe). 
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Later, Lee et al. investigated also the UHPLC with capillary columns (29 µm I.D., 12.5 cm length, 1.5 
µm non-porous particles) [64]. They developed a system able to work up to a pressure of 3600 bar 
and a separation of benzodiazepines was performed in less than 60 s. UHPLC was also successfully 
coupled to ESI-TOF via a sheath liquid electrospray interface to carry out high speed and high 
resolution analysis of pharmaceutical compounds and herbicides. Columns of different geometries 
(29-100 µm I.D., 13-15 cm length, 1.5 µm non-porous particles size) were used to obtain a separation 
in less than 100 s with an efficiency ranging from 20’000 to 30’000 plates [65]. With this very high 
speed chromatography, peak widths were very small (i.e. 10-1000 ms) and TOF detection was well 
adapted because of its high acquisition rate (100 spectra/s). Furthermore, and as already reported in 
the introduction, a high temperature decreases the mobile phase viscosity, which reduces the 
pressure drop and makes the use of longer columns or smaller particles possible. Lee et al. [66,67] 
investigated this approach on a capillary column (50 µm I.D., 14.5 cm length, 1.0 µm non-porous 
particles) packed with zirconia material due to its chemical stability at elevated temperatures. They 
developed a separation of benzodiazepines in less than 1.2 min at 100°C using this column at a 
pressure of 1480 bar (Fig. 4). Five herbicides were also resolved with excellent efficiency in 60 s at 
90°C at 1800 bar as shown in Fig. 5. Finally, a sep aration of barbitals (N in the range of 25’000 to 
35’000) was performed at 80°C with an inlet pressur e of 2400 bar (Fig. 6) [68]. 
 
Figure 4. UHPLC chromatogram of herbicides compounds obtained on a capillary column (14.5 cm x 50 µm I.D, packed with 
1.0 µm non-porous particles) at 100°C and with a pr essure of 1480 bar (reprinted from ref. [67] with permission from Elsevier). 
 
Figure 5. UHPLC chromatogram of benzodiazepines compounds obtained on a capillary column (13 cm x 50 µm I.D., packed 
with 1.0 µm non-porous particles size) at 90°C and with a pressure of 1800 bar (reprinted from ref. [66] with permission from 
Elsevier). 
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Figure 6. UHPLC chromatogram of barbitals compounds obtained on a capillary column (15 cm x 50 µm I.D., packed with 1.0 
µm non-porous particles size) at 80°C and with a pr essure of 2400 bar (reprinted from ref. [68] with permission from Elsevier). 
 
As described, most of Jorgenson’s publications in UHPLC were dedicated to complex mixtures 
requiring a high number of plates (N > 100’000) while Lee et al. mainly used UHPLC for performing 
rapid analysis of small molecules with a limited efficiency (N < 50’000). 
 
3.3. Columns used at high pressure 
 
The key point for performing a successful separation at high pressures is the quality and the stability of 
the packed stationary phases. In UHPLC, only non-porous particles were used. Failed packing was 
reported with porous particles [69] and linked to a very poor size distribution, which led an increase of 
the A term in the Knox equation.  
 
Jorgenson et al. compared 1.5 µm porous hybrid particles packed into 30 µm I.D. fused silica capillary 
column supplied by Waters (Milford, USA) to 1.0 µm non-porous silica material [70]. Chromatographic 
performances were evaluated at pressures up to 4500 bar. Hybrid particles were similar to 1.0 µm 
non-porous silica particles, in terms of pressure resistance. In 2004, Waters commercialized a new 
generation of hybrid columns packed with 1.7 µm particles that were stable up to 1000 bar. A bridged 
ethylsiloxane/silica (BEH) hybrid particle has mechanical and chemical resistances to extreme 
conditions of pH (1 to 12), pressure, and temperature. The narrow particle size distribution contributes 
to the high column efficiency [71]. According to the literature, columns packed with these new particles 
maintain a long column lifetime to physical and chemical changes [71,72] and withstand 1000 to 4000 
injections. However, Kaufmann and Butcher [73] observed occasional symptoms of clogging and the 
presence of double peaks as well as rise in pressure from 730 to 820 bar with sub-2 µm particles. This 
kind of problem can be due to the packing process being performed at very high pressures (up to 
2000 bar) and to frits with porosity smaller than 1 µm. 
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3.4. Problems related to UHPLC 
 
3.4.1 Instrumentation 
 
In UHPLC, the most challenging part of the system is the sample introduction at very high pressures in 
a miniaturized set-up. Using a static-split injection technique, Jorgenson [62] and Lee [64] achieved 
high chromatographic efficiencies in capillary columns under ultra high pressure conditions (2700–
5000 bar). However, several drawbacks were also observed with this injection mode. First, it was 
necessary to inject a large amount of sample (100-1500 µL). Second, the injection was non-
reproducible leading to RSD values of about 20% of peak area. Finally, the complete injection process 
(including depressurization, flushing and injection) took between 2 to 3 min. A new injection mode was 
recently tested by Lee et al. [74]and developed by Valco [75]. This pressure balanced valve is more 
reliable but has a lower efficiency (100’000 – 200’000 instead of 300’000-450’000 plates) at a 
maximum pressure of 1200 bar. 
 
Until now, UHPLC systems are only used in academic research laboratories with capillary columns. To 
reach pressures as high as 7000 bar, Jorgenson required in-house construction of column fittings and 
injectors [62,76]. Lee et al. [77] devoted their attention to safety concerns in UHPLC. Ruptures of 
columns and failure of the system components can lead to high speed liquid jet and capillary 
projectiles. It can be noted that the use of capillary columns with I.D. smaller than 100 µm, could 
induce several problems in terms of extra-column band broadening and the instrumental set-up has to 
be optimized. 
 
3.4.2 Frictional heating 
 
Impact of high pressures on chromatographic parameters has been largely studied. With UHPLC, 
frictional heating of the mobile phase [78] has been investigated. Small particles possess very low 
column permeability and thus generate a considerable amount of frictional heating under high 
pressure drops and high flow rates. The rate of heat generation, or power dissipation, is the product of 
pressure drop (∆P) and flow rate (F) as reported in Eq. (8) [62]. 
 
PFpower ∆⋅=        (8) 
 
Frictional heating and poor heat dissipation cause significant radial and axial temperature gradients 
across the column. An uneven radial temperature profile produces solute retention alteration and 
additional band broadening [63,79]. Reducing the column diameter to capillary dimensions largely 
eliminates this effect as illustrated in Table 3 [63]. Therefore, only capillary columns (e.g. 30-150 µm 
I.D.) were used in UHPLC but Jorgenson [62] recognised that columns of larger diameter could be 
used with a reasonable value of the generated power (i.e. 1 W) to avoid any efficiency loss. Larger 
diameter columns present several advantages in terms of compatibility with conventional HPLC 
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equipment, such as higher mass loadability and larger peak volume that are less susceptible to extra-
column band broadening effects.  
 
Table 3. Flow rates and power generated for different column diameters. Values calculated for 25 cm column length packed 
with 1.0 µm particles, operated at 2000 bar (adapted from ref. [63]) 
Column i.d. Flow rate Power generated 
4.6 mm 820 µL/min 2.8 W 
1.0 mm 38 µL/min 0.13 W 
300 µm 3.5 nL/min 12 mW 
100 µm 380 nL/min 1.3 mW 
50 µm 96 nL/min 0.33 mW 
 
Colón et al. investigated the power dissipation of column diameter in the mm range and demonstrated 
that the latter, packed with small particles, would generate acceptable frictional heating. A column of 1 
mm I.D. x 150 mm packed with 1.5 µm particles size with a flow rate of 85 µL/min generated 1380 bar. 
Under these conditions, the power dissipation was 195 mW, which corresponded to values 
encountered in conventional HPLC. Similar results were obtained with a 2.1 mm I.D. column packed 
with 1.7 µm at a linear velocity of 2.5 mm/s [80]. Thus, the frictional heating generated with 1 to 2.1 
mm I.D. was not detrimental to the separation [81]. 
 
Sandra et al. more recently investigated the effects of the temperature gradient across the column 
length due to frictional heating. Experimental data from a 2.1 mm I.D. column packed with 1.7 µm 
particles, at 1000 bar with a conventional still-air column heater showed no significant efficiency loss 
[82]. 
 
3.4.3 Solvent compressibility 
 
The effect of pressure on retention factor has already been discussed in the literature [60,83-90]. A 
recent review written by Martin and Guiochon [91] demonstrated that beyond 100 bar, experimental 
parameters which are considered as constant by chromatographers (column porosity, pressure 
gradient along the column, mobile phase density and viscosity, diffusion coefficient, retention factors, 
and efficiency) could depend on pressure to some extent. As a result, irreproducible chromatographic 
parameters, such as retention factors can be observed. Moreover, the column diameter or length 
could change under the stress linked to high pressures. However, these effects are generally not 
observed experimentally. As an example, Colón et al. demonstrated that there was no significant 
change in retention factor under a pressure of 1400 bar for 1.0 and 2.1 mm ID column diameter [92]. 
Jorgenson et al. [62] also showed that at 4100 bar with a 30 µm ID capillary, only a modest linear 
increase in retention factor was observed with increasing pressures for small organic compounds. For 
normal bore columns (≥ 2.1 mm ID), the generated heat is more pronounced and could generate 
significant retention shift. Further investigations will be necessary to elucidate the influence of pressure 
on chromatographic performances at ultra high pressures.  
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Mobile phase viscosity is dependent on pressure. Further, the organic solvents such as methanol or 
acetonitrile are more compressible than water [93]. Jorgenson et al. investigated chromatographic 
performances in the gradient mode and did not notice any problem of irreproducibility in UHPLC 
conditions, because the two solvents (acetonitrile and water) were continuously mixed in a stainless 
steel reservoir prior to introduction into the column [76]. In another study, the mobile phase 
compression was found to induce a 50% increase in the measured Knox C-term [94]. Experimental C 
values were obtained in 30 µm I.D. fused-silica capillary columns packed with non-porous 1.0 µm 
particles at pressure drop up to 6300 bar.  
 
4. UPLC: REQUIREMENTS AND APPLICATIONS  
 
In order to avoid the above mentioned problems and to have a friendly and reliable apparatus, a lower 
working pressure was chosen by different manufacturers. In 2004, Waters Corporation (Milford, USA) 
commercialized the ACQUITY Ultra Performance LC system which is able to work up to 1000 bar 
(UPLC). Other manufacturers followed this approach, such as Jasco (Maryland, USA) with the XTrem 
Liquid Chromatography (X-LC) and Agilent (Waldbronn, Germany) which offers a system and columns 
compatible with pressures up to 600 bar (1200 Series Rapid Resolution LC system). As reported in the 
literature [95], the use of high pressures is an exciting new area of LC and a natural extension of 
HPLC. 
 
4.1 Requirements 
 
UPLC separations require not only an instrumentation able to withstand high pressures, but also a 
system adapted to operate in fast and ultra-fast mode with reduced column volumes. Small diameter 
columns (1 and 2.1 mm I.D.) limit the frictional heating and reduce the organic solvent consumption. 
However, these columns need small extra-column volumes due to detection, tubing, and injection 
volume [96,97]. The following criteria have to be fulfilled to perform efficient separations: 
• Detector time constant should be fast enough (≤ 100 ms) because peaks widths are very 
small (only a few seconds) [98,99] and the detector sampling rate must be high enough to 
acquire enough data points (> 20 Hz). 
• A fast injection cycle time is mandatory for analysis times lower than one or two minutes. The 
injected volume should be adapted to the column geometry. For enhancing sensitivity, a peak 
focusing technique could be implemented. 
• A small gradient delay volume is required. With a large dwell volume, fast separations are 
compromised [100] because an isocratic hold is significantly enhanced, inducing changes in 
selectivity. 
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4.2. Applications 
 
Currently about 100 papers have been published related to sub-2 µm particles. As already mentioned 
throughout the manuscript, small particles and high pressure can be used to decrease the analysis 
time and enhance chromatographic resolution.  
 
4.2.1. Fast separations in “simple matrices” 
 
Different works, dealing with drug and metabolites analysis, bio-analytical as well as environmental 
separations, compared columns packed with 5 µm and sub-2 µm supports and demonstrated that the 
latter clearly reduced the analysis time with a comparable efficiency. Generally, the separation was 
achieved 5 to 20 times faster than in conventional HPLC. 
 
A typical fast separation was published in forensic analysis where the time of delivery must be 
drastically reduced. In order to analyze an anabolic steroid, fifteen analogues were separated in 2.5 
min with a gradient run, using a 30 mm column packed with 1.7 µm particles [101] (Fig. 7). 
 
Figure 7. UPLC chromatogram of anabolic steroids compounds obtained on a column (3 cm x 2.1 mm I.D., packed with 1.7 µm 
porous particles size) at a pressure of 500 bar (reprinted from ref. [101] with permission from Elsevier). 
 
One of the main objectives of the pharmaceutical industry is to reduce the drug development process. 
For this purpose, high throughput discovery and screening methods have been developed and 
generated a great number of samples. Furthermore, the analytical response delay should be reduced 
and therefore, new method using fast-LC techniques are mandatory. Depending on the sample 
complexity, a conventional HPLC separation took more than 10-30 min. Wren et al. showed the 
significant benefits of UPLC over conventional HPLC in terms of analysis times (2 to 6 times faster), 
data processing, and method development times for the separation of three different pharmaceutical 
formulations [102]. Peak area precision was also comparable for both methods. 
Analyses of pharmaceutical formulations were transferred from HPLC to UPLC [103]. Four 
pharmaceutical formulations were tested: Triamcinolon cream, Hydrocortison cream, Indomethacin 
gel, and Estrogel gel. All of them contained preservative compounds and potential degradation 
products. The UPLC system, with columns packed with 1.7 µm, reduced the analysis time by a factor 
of 5 to 7 compared to the conventional 5 µm particles while maintaining the same efficiency. 
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Churchwell et al. compared UPLC-ESI/MS/MS and HPLC-ESI/MS/MS with four examples (soy 
isoflavones, tamoxifen, β-agonists, and ephedra alkaloids) [104]. For all tested compounds, sensitivity 
was greatly improved. Sensitivity of tamoxifen was improved by a factor 10. Further work is needed to 
better explain these increases in high sensitivity as compared to theoretical predictions and which 
were analyte dependent. 
 
UPLC was also applied in the environmental field. Several UPLC-MS/MS methods were investigated 
to analyse pesticides [105,106]. Leandro et al. developed a method for screening 16 priority pesticides 
in fruit-, potato- and cereal-based baby food at a concentration level of 1 µg/kg [107]. The 
chromatographic separation was 2.5 times faster in UPLC. Additionally, Mezcua et al. carried out a 
separation in less than 5 min for determining pesticides in groundwater with a limit of detection in the 
range of 0.11 to 7.8 ng/L [108]. Other applications using UPLC technology were also reported in the 
literature such as cosmetic products [109], flowers [110], colorants for pen writing [111], and 
explosives [112]. 
 
4.2.2. Fast separations in biological fluids 
 
For the analysis of biological matrices, a sample preparation procedure is often mandatory due to their 
complexity and the low analyte concentration level. Mass spectrometry is often used as detection 
technique for improving detection selectivity and sensitivity. Therefore, the sample preparation needs 
to be reconsidered when fast and ultra-fast LC-MS are performed since it remains often the rate 
limiting step of the analytical process. For this reason, automated off-line procedures are generally 
preferred because they do not depend on the chromatographic separation and a great number of 
samples can be treated rapidly. Therefore, protein precipitation (PP), dilute and shoot, Solid Phase 
Extraction (SPE), and Liquid Liquid Extraction (LLE) have been mainly used with UPLC-UV and 
UPLC-MS. 
 
An UPLC-MS/MS method was developed and evaluated by Yu et al. [113] for five drugs contained in 
rat plasma using a 2.1 x 50 mm, 1.7 µm column. The method offered 3-fold decrease in retention time, 
up to a 10-fold increase in detected peak height and 2-fold decrease in peak width compared to 
HPLC-MS/MS performed on a 2.1 x 50 mm, 3.5 µm column. Castro-Perez et al. [114] exploited the 
potential of sub-2 µm particles in the analysis of in vitro drug metabolism of dextromethorphan in rat 
liver microsomes. The UPLC approach (1.7 µm) appeared to be significantly better than the 
conventional HPLC approach (3.5 µm). Higher resolving power was provided by UPLC/TOF-MS than 
HPLC/MS. However, the better results obtained by UPLC could be attributed to the detection mode, 
simple quadrupole versus TOF. Jonhson and Plumb [115] investigated UPLC-MS for the detection and 
identification of human metabolites of acetaminophen in urine. A comparison with monolithic columns 
demonstrated that UPLC-MS approach was approximately three times more sensitive and showed a 
larger number of metabolites than LC-MS (Fig. 8). 
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Validation method was also achieved for determining epirubicin in human plasma by UPLC-MS/MS 
[116]. Epirubicin is an antibiotic that has been used in cancer chemotherapy for more than 30 years. 
Toxic effects are numerous and the demand for fast and robust analytical methods for monitoring the 
concentration of the drug at low concentration levels in plasma is important. Li et al. developed a 
method combining both advantages of UPLC (1 x 50 mm, 1.7 µm column) and MS/MS, producing 
better reliability, sensitivity, and accuracy than the current analysis. It is now used for therapeutic drug 
monitoring as well as clinical and pharmacokinetic studies of epirubicin, due to the short analysis time 
(within 4 min). Another UPLC validated method with 1.7 µm particles was successfully performed for 
the quantification of a histamine antagonist (desloratadine and 3-hydroxydesloratadine) in plasma 
[117]. 
 
Figure 8. Separations of metabolites of acetaminophen in urine. (A) Chromatogram obtained on a monolith column (5 cm x 4.6 
mm I.D.) at a pressure of 60 bar. (B) UPLC chromatogram obtained on a column (5 cm x 2.1 mm I.D, packed with 1.7 µm 
porous particles size) at a pressure of 400 bar (reprinted from ref. [115] with permission from Elsevier). 
 
4.2.3. High resolution chromatography 
 
With the development of genomics, proteomics and more recently metabolomics, there is a need for 
analytical methods with high resolution and sensitivity. For this purpose, UPLC and more particularly 
UPLC-MS are of great interest. Due to the small peak widths afforded by the UPLC, a high acquisition 
rate is compulsory and can be easily obtained with TOF instruments. 
 
Wilson et al. [118] have recently published an interesting paper on genomics using UPLC-MS. 
Compared to a conventional 3.5 µm stationary phase, improved resolution and ultra-fast analysis 
times were obtained with 1.7 µm particles. The productivity was increased almost 10-fold with a 3- to 
5- fold increase in sensitivity for the same injected quantity. Plumb et al. [119] developed a rapid 
screening method using UPLC-TOF/MS applied to the analysis of rodent’s urine samples in a 
metabolomic study to provide rapid discrimination between age, strain, gender, and diurnal variation. A 
fast separation was carried out in 1.5 min, while 10 min was necessary in HPLC with similar peak 
capacity and number of detected peaks. Other publications also demonstrated the potential of UPLC-
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MS for metabolomic studies [120-124] with improvement of sensitivity, peak capacity, and analysis 
time as main objectives. 
 
The quantitative comparison of sample classes represents a challenging problem in metabolomics and 
proteomics. Nordstrom et al. [125] investigated the quantitative determination of ten endogenous and 
ten exogenous metabolites in spiked human sera. They demonstrated that UPLC-MS was a useful 
tool, since 80 % of the added substances were identified in the presence of 2700 features that were 
detected. Furthermore, a better sensitivity than LC-MS was obtained which provided a better data 
mining. 
 
5. CONCLUSION 
 
Advantages and drawbacks of UHPLC and UPLC were exposed. UHPLC used pressures as high as 
5000 or 7000 bar and capillary columns. In these conditions, frictional heating or/and solvent 
compressibility can lead to irreproducible results.  However, under optimized conditions, excellent 
results have been reported with home-made systems.  
 
In order to reduce problems caused by high pressures, systems working at 1000 bar (UPLC) are now 
commercially available. With the latter it is possible to work with narrow-bore (2.1 mm I.D.) and micro-
bore (1mm I.D.) columns packed with sub-2 µm particles. Chromatographic performances of sub-2 µm 
particles and high pressures were demonstrated almost 30 years ago by Knox. With this configuration, 
long columns offer high peak capacity while analysis time can be drastically reduced with short 
columns. It is noteworthy that in comparison with conventional HPLC separations, the number of 
plates per time unit (N/t0) varies from ca. 100 to 1000 in UPLC. Therefore, with a pressure limit of 1000 
bar, the analysis time can be reduced by a factor of 20 (mostly for separations with limited number of 
plates), whereas a three-fold efficiency improvement can be observed compared to 5 µm conventional 
supports. This behaviour has been experimentally demonstrated on several publications in the last two 
years in different fields such as pharmaceutical, environmental, cosmetics, explosive, proteomics, 
metabolomics, etc. 
Despite the difficulty of producing porous mono-disperse sub-2 µm particles, the manufacturing 
process is now reproducible, which makes these columns a real alternative to conventional ones. For 
biological samples and complex matrices, a sample pre-treatment is generally required and the latter 
could become the rate limiting factor. Therefore, new strategies have to be implemented with 
automated procedures. 
 
In conclusion, UPLC and UHPLC offer excellent chromatographic performances and open new 
avenues for analytical chemistry in many fields. 
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ABSTRACT 
 
In order to reduce the analysis time and maintain good efficiency in liquid chromatography, it is 
advisable to simultaneously decrease the column length and the particle size of the chromatographic 
support. Therefore, several manufacturers have developed and commercialized short columns filled 
with particles that have a diameter smaller than 2µm. 
The focus of this work was to check the chromatographic performance of such columns and compare 
possibilities offered by sub-2 µm supports with conventional columns in terms of analysis time 
reduction and efficiency improvements. For this purpose, different parameters were discussed namely: 
separation impedance (E), Knox curves (h, v), and number of plates by time unit (N/t0). Kinetic plots 
were also drawn. 
It appeared that sub-2 µm supports were well adapted to improve chromatographic performance and 
to reduce the analysis time. Furthermore, it was also demonstrated that the best chromatographic 
performances were reached with high pressure systems (up to 1000 bar). 
 
Keywords: UPLC; Sub-2 µm columns; Column comparison; High speed liquid chromatography; Knox 
curves; Kinetic plots. 
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1. INTRODUCTION 
 
Today, in several domains, there is a need to develop rapid analytical procedures [1-3]. Among these 
domains, the pharmaceutical industry is particularly interested in using rapid and efficient procedures 
for qualitative and quantitative analysis in order to cope with a large number of samples and to reduce 
the time required for delivery of results.  The method of choice in pharmaceutical analysis for 
determining the concentration of drug substances in various matrices remains liquid chromatography 
coupled with different universal and/or selective detectors. However, conventional analysis times are 
usually longer than 10 min with columns of 15 cm length and 4.6 or 2.1 mm internal diameter. In order 
to perform rapid or ultra-rapid procedures (i.e., cycle times lower than 5 min or 1 min, respectively), 
different strategies can be applied. 
 
The simplest approach consists of the concomitant reduction of the column length (i.e., 5 to 2 cm) and 
increase of the mobile phase flow rate above its optimum value. However, with conventional stationary 
phases made of 5 or 3.5 µm particles, chromatographic performances are compromised since both 
conditions induce a loss of efficiency. Therefore, this procedure can be applied only for the analysis of 
simple matrices with a limited number of substances (e.g. quality control of a drug formulation). 
Nevertheless, this strategy is of particular interest in the gradient mode [4-7]. In order to overcome the 
lack of chromatographic resolution afforded by decreasing the column length, mass spectrometry can 
be efficiently employed.  
 
Another strategy which has shown great success in the literature is the use of monoliths instead of 
porous particles. Monolithic rods, made of silica or polymeric material, can accept large flow rates 
without generating high back pressures while efficiencies are generally equivalent to those measured 
with porous particles of 3-3.5 µm [8]. Thus, high flow rates (typically three to ten times larger than 
conventional flow rates) can be applied to columns of 10 cm length to maintain an appropriate 
efficiency with short analysis times [9-11]. However, monoliths suffer some drawbacks, such as the 
limited number of commercially available columns as well as their dimensions (i.e., 4.6 mm or 100 µm 
I.D.) is not fully compatible with mass spectrometry and the high consumption of organic solvent. 
 
High temperature liquid chromatography (HTLC), which has been neglected in the past, is recognized 
today as a valuable tool to reduce analysis time. At temperatures higher than 80°C, the mobile phase 
viscosity decreases permitting the application of high flow rates with limited induced back pressure 
[12-14]. Moreover, efficiency and optimal velocity increase with temperature while the mobile phase 
polarity decreases. Thus, high flow rates can be applied with different column geometries to obtain 
high efficiency with a concomitant reduction of organic solvent consumption [15-17]. The major 
limitation of this technique remains the limited number of stationary phases that are stable at elevated 
temperature and the required modification of the LC equipment. 
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Finally, as already demonstrated by Knox and other authors [18-21], small particles induce an 
increase in efficiency, optimal velocity, and improvements in mass transfer. Therefore, efficient 
separations can be performed with shorter analysis times when sub-2 µm particles are used. 
However, the latter induce a large back pressure (∆P) according to Darcy’s law (Eq. (1)): 
 
2
pd
LuP ηφ∆ =            (1) 
Where L, is the column length, u is the average mobile-phase velocity, η is the mobile phase viscosity, 
Ф is the flow resistance, and dp is the particle size.  
 
Since u increased while dp decreased, a back pressure higher than 400 bar could be generated with 
column lengths longer than 3 cm. To overcome this problem, providers have commercialized 
inhomogeneous particle size distribution of 1.8 µm with larger particles packed in the columns [22] 
while others developed 1.9 µm particles with low flow resistance. As published by Jorgenson and co-
workers [19, 23-26], the development of new chromatographic systems compatible with very high 
pressures (ca. 5000 bar) can overcome this drawback. Thus, Ultra Performance Liquid 
Chromatography (UPLC) which has been recently commercialized can accept high back pressures (< 
1000 bar) for performing rapid and efficient chromatography with column lengths of 5 to 10 cm. 
The main objective of this paper is to compare new columns packed with sub-2 µm particles now 
commercialized. For this purpose, a mixture of four alkyl-parabens has been selected and several 
chromatographic parameters measured (i.e., efficiency, flow resistance, impedance, plate number by 
time unit, and optimal velocity) in optimal conditions and kinetic plots were drawn to better characterize 
the behaviour of the selected supports. With 1.7 µm particles, high back pressures (< 1000 bar) were 
applied while 1.8 and 1.9 µm particles were tested at lower pressures (< 400 bar). It was not the aim of 
this paper to make a comparison between different manufacturers but to determine the real 
performances of these new available stationary phases. 
 
2. EXPERIMENTAL 
 
2.2 Chemicals and columns 
 
Methylparaben (MP), ethylparaben (EP), propylparaben (PP), and butylparaben (BP) were provided 
from Sigma-Aldrich (Germany). Acetonitrile was of HPLC grade from Panreac Quimica (Spain). Water 
was obtained from a Mili-Q Waters Purification System from Milipore (Bedford, MA, USA). Columns 
used (Table 1) were provided by Waters (Milford, MA, USA), Agilent Technology (Waldbronn, 
Germany), and Thermo Electron (Runcorn, UK). 
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2.2 Apparatus 
 
Chromatographic data for columns of 2.1mm I.D. (ACQ, ACQS, XDB, EXT, SB, and HYP) were 
acquired with an UPLC ACQUITY system (Waters, Milford, MA, USA) which can withstand pressures 
up to 1000 bar. This instrument includes a binary solvent manager with a maximum delivery flow rate 
of 2 mL/min, an auto-sampler with a 2 µL loop, an UV-Vis with a 500 nL flow cell, and a column oven. 
Data acquisition, data handling, and instrument control were performed by EmpowerTM Software.  
 
Conventional columns packed with larger particles: XTerraRP18 150x4.6mm, 5 µm (XT150), and 
XTerraRP18 50x4.6mm, 3.5 µm (XT50) (Waters) required high flow rates. Therefore, a conventional 
HPLC system was used and data were acquired with a Merck LaChrom system (Merck, Germany) 
constituted of L-7100 programmable pumps which can be operated up to 10 mL/min, a L-7200 auto-
sampler with a 100 µL loop, and an Agilent Series 1100 (G1315 B) UV-Vis Diode array detector 
(Agilent Technologies, Germany) with a 1.7 µL flow cell. The D-7000 HPLC System Manager Software 
(Merck, Germany) was used for instrument control and the Chemstation Software (Agilent 
Technologies, Germany) for data acquisition and data handling.  
 
2.3 Methodology 
 
An aqueous solution of 200 µg/mL containing MP, EP, PP, and BP was prepared by appropriate 
dilution of 1 mg/mL standard solution of each component in acetonitrile-water (50:50, v/v). 
 
Six chromatographic supports were tested (Table 1) in isocratic mode with water/acetonitrile (60:40, 
v:v) as mobile phase. Chromatographic conditions used for this study are described in Table 2. For the 
plot of Knox curves, values of flow rates and efficiency determined experimentally were directly 
transformed to linear velocity (Eq.(2)) and plate height, respectively.  
 
 
Table 1. Chromatographic columns with sub-2µm particles 
Column Abbreviation Manufacturer 
Particle 
size (µm) Dimensions (mm) 
Acquity UPLC BEH C18 ACQ Waters, Milford, MA, USA 1.7 2.1 x 50 
Acquity UPLC BEH Shield RP18 ACQS Waters, Milford, MA, USA 1.7 2.1 x 50 
Zorbax Eclipse XDB C18 XDB Agilent, Waldbronn, Germany 1.8 2.1 x 50 
Zorbax Extend C18 EXT Agilent, Waldbronn, Germany 1.8 2.1 x 50 
Zorbax Stable Bond C18 SB Agilent, Waldbronn, Germany 1.8 2.1 x 50 
Hypersil GOLD C18 HYP Thermo Electron, Runcorn, UK 1.9 2.1 x 50 
 
 
T
2
c0 d
F4
t
L
u
εpi ⋅⋅
⋅
==           (2) 
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Where, L is the column length, t0 the column dead volume, F the mobile-phase flow rate, dc the 
column diameter, and εT the total porosity of the packed bed. 
 
Table 2. HPLC and UPLC conditions 
 
HPLC Assay UPLC Assay 
Column XT50, XT150 ACQ, ACQS, HYP, SB, EXT, XDB 
Flow rate 100 µL/min* (step of 100 µL/min) 20 µL/min* (step of 20 µL/min) 
Injection volume 3 µL (XT50), 10 µL (XT150) 1 µL 
UV @ 254 nm Constant time : 100 ms 
Sampling rate : 20 pts/s 
Constant time : 25 ms 
Sampling rate : 40 pts/s 
*The maximum backpressure supported by the columns (1000 bar for ACQ and ACQS, and 400 bar for the other 
columns). 
 
Less square regression was employed to fit the obtained experimental data. Three Knox curves were 
plotted successively for each column to check repeatability and to determine any loss in column 
performance during the process. 
 
In order to avoid any inter-instrument effects, all experiments with sub-2 µm particles were performed 
on the UPLC system. Since 50x2.1mm columns were used in fast-LC conditions, special care was 
taken to limit extra-column band broadening effects. In the UPLC configuration, extra-column volumes 
(σ2ext = 5µL2) are already drastically reduced, but it was also necessary to decrease the injected 
volume to 1µl and set the detector constant time to its lowest value (e.g., 25ms). Both parameters 
have a negative impact on sensitivity, but the main goal of this study was clearly to compare 
chromatographic performances in terms of efficiency and not sensitivity [27]. 
 
Butylparaben was selected as model compound since retention factor obtained in these conditions (k= 
6) was sufficiently high to perform column evaluation without being influenced by extra-column band 
broadening effects.  
For parabens which possess low molecular masses, values of diffusion coefficient Dm were estimated 
by the Wilke-Chang equation as updated by Katz and Scott [28]: 
 
6.0
AB
BB
15
B,A.m V
MT109.6
D
η
ϕ−⋅
=         (3) 
 
Where, Dm A,B was the diffusion coefficient of solute A at very low concentration in solvent B (cm²/s); 
MB, was the molecular weight of solvent B (g/mol); T was the absolute temperature (K); ηB was the 
viscosity of solvent B (cP) at T; VA was the molar volume of solute A at its normal boiling temperature 
(cm3/(g.mol)) and φB was the association factor of solvent B (dimensionless). For the latter, Wilke and 
Chang recommended a value of 2.6 for water, 1.9 for methanol, and 1.0 for aprotic solvents (e.g. 
acetonitrile).  
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The calculated value of the diffusion coefficient Dm for butylparaben was 7.7·10-10 m2/s. Solvent 
viscosity (η = 0.85 cp) was previously determined by Guillarme et al. [13] for water/acetonitrile (60:40, 
v:v) mixtures. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Effect of the particle sizes on Knox curves 
Fig. 1a represents Knox curves obtained with 5µm, 3.5µm, and 1.7 µm supports. Mobile phase, 
temperature, tested compound, and stationary phase were identical for all experiments.  
As expected from theory, when particle size decreased, the corresponding H value decreased: 5 µm 
(Hopt = 12.3 µm), 3.5 µm (Hopt = 8.8 µm), and 1.7 µm particles (Hopt = 3.9 µm). Thus, for a same 
column length, efficiency can be improved by a factor of three with a 1.7 µm particle instead of a 
conventional 5 µm particle. 
The optimum linear velocity was also shifted to higher values when particle diameter decreased: uopt 
=0.72 mm/s for 5µm, 0.89 mm/s for 3.5µm, and 2.11 mm/s for 1.7µm. Therefore, the rule of thumb 
which considers (u·dp) as a constant was verified. It is thus possible to work at higher flow rates with 
small particles without any loss in efficiency. It is even possible to work at higher flow rates than the 
optimal value without major efficiency loss since the mass transfer is improved using 1.7 µm instead of 
5 µm and the Knox curve is flatter. 
 
Figure 1. (a) Experimental effect of particle size on Knox curves.  Columns:  = XT150, 5 µm;  = XT50, 3.5 µm;  = ACQS, 
1.7 µm. (b) Experimental effect of particle size on reduced Knox curves. Columns:  = XT150, 5 µm;  = XT50, 3.5 µm;  = 
ACQS, 1.7 µm. 
 
The same curves were also plotted using reduced parameters (h and v instead of H and u), according 
to the Knox equation (Eq. (4)): 
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h = A·v1/3 + B/v + C·v         (4) 
Where A, B, and C are system constants; h is the reduced plate height; and v is the reduced mobile 
phase linear velocity. 
 
In order to evaluate stationary phases minimizing variability afforded by the mobile phase nature and 
composition, the solute nature, and the particle size, reduced parameters v  and h have to be used 
[20, 21, 29] with the well known Knox equation (eq. 3). In this equation; A, B, and C are system 
constants determined by the magnitude of band broadening due to eddy diffusion, longitudinal 
diffusion, and resistance to mass transfer, respectively [30-32]. A depends on both the quality of the 
column packing and the contribution of slow mass transfer across the moving stream. A poorly packed 
column will have a high value of A (2 to 5), and a well packed column will have a low value of A (0.5 to 
1). In case of low ν values, the second contribution (B/ν) is predominant whereas the third term Cν 
becomes predominant in case of high ν values. B accounts for the longitudinal diffusion and depends 
on the solute retention. Generally a B value of 2 is admitted by many authors, but depending on the 
retention factor of the compound, B could attain values up to 5 [33, 34]. The C term expresses the 
effect of mass transfer resistance in both stagnant mobile and stationary phases and is critical for 
good performance especially at high reduced velocities. A satisfactory value of C for an efficient 
packing material is around 0.1 [21].  
Fig. 1b shows that the three curves overlapped perfectly independent of the particle size. These 
overlaps show that the packing material and the chromatographic conditions were similar. 
Fig. 2 shows the corresponding chromatograms obtained at optimum flow rate with 4.6 x 150mm, 
5µm, and 2.1 x 50mm, 1.7 µm columns, respectively.  
 
Figure 2. Chromatograms obtained with a conventional column (a) and a sub-2 µm column (b). Conditions: (a) XTerra RP18, 5 
µm, 4.6 x 150 mm column, 30°C, 10 µL injection volu me, 900 µL/min (optimum flow rate) ; mobile phase : acetonitrile : water 
40:60 v/v. (b) Acquity BEH C18, 1.7 µm, 2.1 x 50 mm column, 30°C, 1 µL injection volume, 520 µL/min (optimum flow rate); 
mobile phase: acetonitrile : water 40:60 v/v. 
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As predicted by theory and when retention factors were constant, analysis time was reduced by a 
factor of eight, while efficiency was maintained at the same level. 
 
3.2 Kinetic behaviour of sub-2 µm supports 
 
3.2.1 Kinetic parameters – index of performance obtained with Knox curves 
 
Parameters used to test chromatographic performances are generally height equivalent to a 
theoretical plate at the minimum Hmin, linear velocity u, C term of the Knox equation, retention factor k 
and the flow resistance Φ [18, 21, 29]. 
 
Kinetic parameters, namely, minimum reduced height hmin and reduced velocity νmin were determined 
directly through the plot of Knox curves. An optimal working area was also determined for all sub-2 µm 
supports tested which corresponded to a maximum loss of 10% efficiency. This area is represented by 
a velocity range (νopt min, νopt max) and the corresponding flow rate range (Fopt min, Fopt max). All kinetic 
study results are summarized in Table 3 and Knox curves obtained for each column are presented in 
Figs. 3a-c.  
 
Table 3. Kinetic parameters obtained with sub-2µm columns 
 
ACQ ACQS XDB EXT SB HYP 
Particle size (µm) 1.7 1.7 1.8 1.8 1.8 1.9 
Nmax 10500 12800 9300 11100 8700 10100 
νopt min 3.2 3.2 2.9 2.9 8 5.1 
νopt max 10.5 7.6 7.7 8 8 12.6 
Fopt min (µL/min) 220 220 180 180 300 300 
Fopt max (µL/min) 720 520 480 500 500 740 
N/t0 max 1200 1030 590 720 590 960 
∆Pmax used (bar) 1000 1000 400 400 400 400 
Fmax used (µL/min) 1200 980 600 500 500 740 
hmin 2.8 2.3 3 2.5 3.2 2.6 
Φi 960 1110 920 1030 1180 880 
Φ 690 810 640 720 830 630 
E 5600 4400 5700 4400 8400 4200 
 
From these results, it was obvious that hopt values were excellent and quite low. For a column with 
good packing, values of h must be in the range of 2 to 3. Considering a 50 mm column length with 1.8 
µm as particle diameter, efficiency should be in the range 9200 to 13800 plates. Values obtained 
experimentally are listed in Table 3 and were between 8700 for SB and 12800 for ACQS. SB 
appeared to be the less efficient column, probably due to both the packing quality and the fact that this 
stationary phase is more appropriate for working at acidic pH.  
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Figure 3. (a) Knox curves of ACQ () and ACQS () columns, 1.7 µm particles size. (b) Knox curves of XDB (), SB () and 
EXT () columns, 1.8 µm particles size. (c) Knox curve of HYP () column, 1.9 µm particles size. 
 
All the tested supports presented similar vopt ranges (between 4 and 8, i.e., flow rates between 250 
and 500µL/min for a 2.1 mm column), except ACQ and HYP which possessed flatter curves and could 
work for a broader range of flow rates with a loss in efficiency that was lower than 10%. For both 
supports, higher vopt values (around 700 µL/min) could be used while maintaining efficiency.  
Comparing both ACQ and ACQS columns, their behaviour was different since ACQ presented a lower 
efficiency (hopt = 2.8) than ACQS (hopt = 2.3) at optimal velocity, but a broader range of applicable flow 
rates (between 380 and 720 µL/min instead of 300 and 520 µL/min).  
 
Another important parameter for comparing fast-LC supports is the number of plates per time unit. 
This parameter describes the compromise between high efficiency and fast analysis.  
 
2
p
m
0 dh
Dv
t
N
⋅
⋅
=
           (5) 
 
As shown by Eq. (5), the use of small particles significantly increases this ratio. The values of N/t0 
should be in the range of 400 to 1000 in fast chromatography conditions; instead of around 100 in 
conventional LC [35]. As shown in Table 3, Acquity supports (ACQ and ACQS) and Hypersil Gold 
(HYP) gave the best values (N/t0 max around 1000). The good performances obtained with HYP were 
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attributed to its low mass transfer resistance coefficient and flow resistance (see Table 3) which 
allowed the application of a high flow rate (740 µL/min) without generating excessive backpressure 
and maintaining high efficiency. For ACQ and ACQS, high N/t0 values were measured due to their 
ability to withstand pressure of 1000 bar. This ability to withstand pressure was linked to the 
mechanical resistance of these packings which allowed the application of high flow rates (i.e., 1200 
µL/min). As demonstrated by the chromatograms reported in Fig.4 obtained at Fmax, the best columns 
in term of analysis time (less than 1 minute) were ACQ and ACQS.  
It can be noted that for chromatograms presented in Figs. 4a and 4f, N/t0 values were almost 
equivalent since HYP at 740 µL/min, showed an efficiency 1.5 times better than ACQ at 1200 µL/min. 
Therefore, corresponding resolutions were higher with the former support. 
 
Figure 4. Chromatograms obtained at maximum N/t0 of the different tested columns. Conditions: temperature: 30°C, injection 
volume: 1 µL, mobile phase: acetonitrile : water 40:60, flow rate : to the maximum backpressure supported by the column. (a) 
ACQ, flow rate : 1200µL/min; (b) ACQS, flow rate : 980µL/min; (c) XDB, flow rate : 600µL/min; (d) EXT, flow rate : 500µL/min; 
(e) SB, flow rate : 500 µL/min; (f) HYP, flow rate : 740 µL/min. 
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3.2.2 Back pressure limitation 
 
In order to compare sub-2 µm supports (between 1.7 and 1.9 µm), the permeability and corresponding 
flow resistance were also estimated.  
Several definitions of the column permeability and flow resistance can be found in the literature and 
are generally well described by Darcy’s law or Kozeny-Carman equation. The latter presents the 
advantage that Φi, which is a proper representation of column flow resistance using interstitial velocity 
does not vary with the nature of the particles in the packed bed, but varies with its interstitial fraction ε 
(the “space” between particles) and therefore the packing density, as described by equation below: 
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Flow resistance (Φ) calculated with Darcy’s law is directly related to particle size and chromatographic 
permeability (Kv0) and could be expressed as [36]:  
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In this definition, it should be noted that the average mobile phase velocity was used in the calculation 
of the flow resistance and not the interstitial velocity. The flow resistance will then vary with the total 
porosity of the packed bed εT (which is the sum of interstitial porosity, ε, and intra-particle porosity, εp). 
Values of Φ around 500 and 1000 are generally estimated for porous particles with regular and 
irregular shape, respectively, [37].  
 
The plot of column backpressure ∆P as a function of linear velocity u (Fig. 5) allows the determination 
of Φ (slope) according to Eq. (7), while Φi (slope) was evaluated with the plot of ∆P vs. flow rate F 
according to equation 6. ∆P was always plotted without taking into account the system pressure (e.g. 
at 500 µL/min the system generated a backpressure of about 50 bar).  
Values of flow resistances (Φ and Φi) calculated for each column with Darcy’s law and Kozeny-
Carman equation respectively are reported in table 3. As expected, Φ values are in the range 500-
1000 [37] while Φi values are significantly higher (30 to 40%) because only the interstitial porosity ε 
(and not the total porosity of the packed bed) was taken into account. However, with both factors, 
trend is similar and ACQS and SB had the highest values while HYP and XDB the lowest. Therefore, 
the latter could accept higher flow rates without generating high backpressures.  
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Figure 5. Column pressure as a function of the linear velocity u for each tested column. Columns:  = ACQ,  = ACQS,  = 
XDB,  = SB, - = EXT,  = HYP. 
 
Kinetic results obtained from the Knox curves, reduced height hopt and flow resistance Φ values, could 
be simultaneously evaluated by the separation impedance E, which was determined by Eq. 8.  
The separation impedance is another figure-of-merit for a HPLC system evaluation, describing the 
compromise speed-efficiency-pressure: 
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For conventional columns, impedance values of 3000-5000 are generally obtained. The shortest 
retention time attained with a given back-pressure and a required plate number is obtained with the 
smallest E value [20, 21, 38]. An impedance value out of the acceptable range could be due to a lack 
of column efficiency (high h values) or/and to a high generated backpressure (high flow resistance 
values). Almost all supports were in the expected range, while HYP, ACQS, and EXT gave excellent 
values (E around 4000).  
 
3.2.3 Kinetic plot representation 
 
Kinetic plots were introduced in 1965 by Giddings [39] and recently Desmet et al. described a new 
approach to these plots where the construction was simplified and the visualization improved [40, 41]. 
Traditionally, Knox curve H=f(u) or h=f(υ) was used to determine kinetic parameters. As an alternative, 
it has recently been shown that experimental (u, H) data could also be represented as a plot of t0 
versus N, using a scaling value for the pressure drop ∆P and the viscosity η, and making a recombi-
nation of all experimentally obtained u0 and H data couples according to Eqs. (9) and (10):  
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The advantages of these kinetic plot representations over traditional (u0, H) curves are that they take 
into account the flow resistance effect as well as the analysis time needed to produce N plates. As a 
consequence, they can be used to directly compare supports with a different morphology and/or size. 
For this representation, each data point represents a column that differs in length, but it is also 
possible to obtain columns of different length which have similar packing quality. 
 
Kinetic plots were drawn on the basis of Desmet et al. [40, 41] using the free Excel spreadsheet [42]. 
Resulting plots are given in Figs. 6 and 7 and several conclusions can be made from these figures. 
For sake of clarity, results obtained with stable bond (SB) were not taken into account, since 
chromatographic conditions were not optimal for this kind of support (neutral instead of acidic mobile 
phase cf. Section 3.2.1). 
Results obtained with these plots could be easily identified to Knox curves of Fig. 3. In the case of 
ACQ and ACQS for example, the curve minima reflect the corresponding impedance E values of the 
support (better for ACQS), while the steep increase of the ACQS column in the small N-range is a 
direct reflection of its high C-term constant observed in Fig. 3a compared to ACQ. 
The maximal reachable number of plates, Nmax, could be determined in Fig. 6 by a vertical asymptote 
which increased with maximal ∆P (see arrow 1a). It was possible to reach 90000 plates with ACQ and 
ACQS while efficiency was limited to only 40000-50000 plates for other tested supports. However, to 
obtain the highest efficiency at 1000 and 400 bar, respectively, t0 was equal to ca. 1000s. 
Nevertheless, these conditions can be obtained only with a column length of about 1 meter with 
∆Pmax=1000 bar and approximately 0.5 meter with ∆Pmax=400 bar and a low linear velocity. This plot 
clearly showed the advantage of a system compatible with high backpressures (e.g. 1000 bar) to 
obtain high efficiency. Additionally, this plot also demonstrates an increase of N at constant t0 (see 
arrow 1b) since this arrow is parallel to the dashed line which represents a t0 equal to 100 seconds.  
 
Figure 6. Plot of t0/N² as a function of pressure drop limited plate number (N) for sub-2µm tested supports. Columns:  = ACQ, 
 = ACQS,  = XDB, ♦ = EXT,  = HYP. 
 
In Fig. 7, the minimum t0 reachable for a given number of plates decreased with a ∆Pmax increase from 
400 to 1000 bar (see arrow 2), which caused latter condition to require shorter analysis time. This 
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behaviour was more pronounced as the number of plates increased. Therefore, for a low number of 
plates required (i.e., N<10000), sub-2 µm supports with conventional back pressure were well adapted 
and gave similar results as those obtained at 1000 bar. The decrease in t0 with an increase in maximal 
system pressure drop from 400 to 1000 bar for N constant was also observed in Fig. 6 (see arrow 1c). 
 
Figure 7. Plot of t0 as a function of pressure drop limited plate number (N) for sub-2µm tested supports. Columns:  = ACQ,  
= ACQS,  = XDB, ♦ = EXT,  = HYP. 
 
3.2.4 Columns resistance 
 
The mechanical stability of sub-2 µm particles was thus investigated in terms of efficiency, pressure, 
and retention factor. For this purpose, an experiment (separation of 4 parabens at 300 µL/min) was 
repeated regularly for 30 injections. Efficiency, pressure, and retention factor for BP were monitored 
(data not shown) until the column lost its chromatographic performance.  
Knowing that sub-2 µm is a very recent chemistry, the tested supports demonstrated good stability 
and several hundred injections were performed in most of the tested columns. Compared to 
conventional 5 µm columns (i.e., 500-1000 injections), the number of injections was more limited but 
some constraints of this new geometry have to be taken into account, particularly the packing at very 
high pressure (up to 2000 bar) and frits with porosity inferior to 1 µm (potential clogging problems after 
several injections). Therefore, some improvements are expected for stability issues. It can be noted 
that other stability studies showed a very good resistance of ACQ columns in high pressure conditions 
with up to 4000 injections [43] or 1000 injections at pH 11.3 [44].  
 
4. CONCLUSION 
 
Two conclusions can be drawn from this study. First, considering the chromatographic performances, 
sub-2 µm particles appears as an attractive alternative to conventional 5 µm particles, since small 
particles allowed an improvement in efficiency and/or a large decrease in analysis time. This study 
clearly showed that it was possible to work with such column geometry (small particle size and short 
column) at optimal velocity and even beyond with pressures compatible with conventional HPLC 
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equipment. However, two important parameters have to be considered to use these columns on a 
conventional chromatographic system, extra-column effects have to be minimized and the detector 
acquisition rate has to be high enough to be compatible with separations realized in less than 1 
minute. Therefore, optimized instrumentation is mandatory to carry out good analytical separations. 
 
Second, in terms of chromatographic performances, the increase in back pressure up to 1000 bar is of 
prime interest. In terms of column packing quality, separation impedances of ACQ and ACQS supports 
were comparable to other stationary phases. Considering the number of plates per time unit, these 
columns were able to reach more than 1000 plates/s. Hypersil gold (HYP) also demonstrated an 
excellent behaviour since this column gave almost similar results in terms of separation impedance 
and number of plates per time unit at lower backpressures. However, the lowest analysis time 
(corresponding to the lowest column dead time) was achieved at high flow rate (i.e., 1200 µL/min) and 
high pressure of 1000 bar. These conclusions were also highlighted by the representation of 
corresponding kinetic plots. 
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6. NOMENCLATURE 
 
A Knox term for Eddy diffusion 
B Knox term for longitudinal diffusion 
C Knox term for mass transfer resistance  
Dm A,B  Diffusion coefficient of solute A at very low concentration in solvent B  
dp  Particle size in packed bed 
E Separation impedance 
ε Interstitial porosity 
εT Total porosity of the packed bed 
εp Intra-particle porosity 
φB Association factor of solvent B 
Ф  Column flow resistance using average mobile phase velocity (Darcy’s law) 
Фi Column flow resistance using interstitial velocity (Kozeny-Carman equation) 
Fopt max Maximal flow rate yielding a loss in efficiency lower than 10% 
Fopt min Minimal flow rate yielding a loss in efficiency lower than 10% 
H Height equivalent of a theoretical plate 
Hopt Optimal plate height leading to highest efficiency 
h  Reduced height equivalent of a theoretical plate 
hopt Optimal reduced height equivalent of a theoretical plate 
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k Retention factor of a compound 
Kv0 Column permeability based on u0 
Kv Column permeability based on interstitial velocity 
L Column length 
MB Molecular weight of solvent B  
η  Dynamic mobile phase viscosity 
N Plate number 
N/t0 Number of plates by time units 
∆P  Pressure drop 
∆Pmax Maximal pressure drop of the chromatographic system 
T Absolute temperature (K) 
tr Retention time of a compound related to t0 
u  Mobile phase linear velocity 
uopt Mobile phase linear velocity yielding the minimal plate height Hopt 
v Reduced mobile phase linear velocity 
VA Molar volume of solute A at its normal boiling temperature  
vopt Optimal reduced mobile phase linear velocity 
νopt max Maximal reduced mobile phase linear velocity yielding a loss in efficiency lower than 
10% 
νopt min Minimal reduced mobile phase linear velocity yielding a loss in efficiency  lower than 
10% 
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ABSTRACT: 
 
Liquid chromatography (LC) is considered to be the gold standard in pharmaceutical analysis. Today, 
there is a need for fast and ultra-fast methods with good efficiency and resolution for achieving 
separations in few minutes or even seconds. The present work describes a simple methodology for 
performing a successful method transfer from conventional LC to fast and ultra-fast LC. 
In order to carry out fast separations, short columns (20 to 50 mm) packed with small particles (3.5 
and 1.7 µm) were used and their chromatographic performance were compared to a conventional 
column (150 mm, 5 µm). For that purpose, an optimized LC system was employed to limit extra-
column volumes which can have a dramatic impact on efficiency and resolution.  
This paper reports the fundamental equations used for transferring an isocratic chromatographic 
separation performed with a given column geometry and chemistry to a smaller column packed with 
similar or identical stationary phase, without influence on chromatographic performance. For this 
purpose, the flow rate and the injected volume need to be adapted. 
The effect of column length and particle size reduction on chromatographic resolution and analysis 
time was described for an isocratic separation. Using the method transfer equations, it is possible to 
predict the new conditions to be used, for fast and ultra-fast separations. In this work, ultra-fast 
separations were achieved thanks to a new generation of instrumentation (Ultra Performance Liquid 
Chromatography, UPLC) which uses simultaneously short column packed with sub-2µm particles and 
ultra-high pressure (up to 1000 bar). This work demonstrates an analysis time reduction up to a factor 
12, compared to a conventional LC separation, without affecting the quality of the separation. 
Therefore, the complete resolution of a pharmaceutical formulation was achieved in only a few 
seconds. 
Keywords: fast liquid chromatography; isocratic transfer; short columns; UPLC; sub-2 µm particles.
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1. INTRODUCTION 
 
The development of a drug product is a long and tedious task, taking about 10-15 years from the 
synthesis of a lead compound to its commercialisation. One of the main objectives of the 
pharmaceutical industry is to reduce this time period by using high throughput discovery and 
screening methods [1]. Therefore, the analytical laboratory has to manage a great number of samples 
and must reduce the time response delivery at each step during drug development [2]. A solution for 
this problem is to develop new rapid and efficient procedures for qualitative and quantitative analysis. 
The analytical techniques commonly used for screening and performing quantitative determinations 
are immunoassay, spectroscopy and separation tools such as chromatography and electrophoresis. 
Liquid Chromatography (LC) is often considered most suitable for the quantitative determination of 
drugs and related substances. However, conventional analyses usually need between 10 and 45 min. 
As reported in the literature [3], rapid or fast methods are relative terms depending on the analyst and 
the requirement. Ultra-fast or ultra-rapid methods can be defined by cycle times inferior to 1 min 
(including column reconditioning), and fast or rapid methods by cycle times inferior to 5 min. In order 
to carry out rapid and ultra-rapid analyses, different strategies can be applied. 
 
The use of monolithic instead of packed columns containing porous particles is an innovative 
approach. Monolithic rods, made of silica or polymeric material, contain a porous structure, providing 
lower flow resistances and backpressure than conventional columns [4, 5]. Monolithic columns can 
operate at high flow rates (typically 3 to 10 times larger than conventional LC) without generating high 
backpressure and with efficiency and resolution comparable to silica particles of ca. 3-3.5 µm [6]. This 
behaviour is due to its bi-modal structure with macropores and mesopores. However, these supports 
made of silica present several drawbacks in terms of low resistance to high pH values (pH>7), as well 
as limited choice of surface chemistry and column dimension [7]. 
 
High Temperature Liquid Chromatography (80°C<T<200° C) allows the use of high flow rates without 
loss in efficiency or increase in backpressure. Indeed, at high temperature, the mobile phase viscosity 
is reduced and the diffusion coefficients of the solutes in the mobile phase are increased [8]. However, 
this strategy suffers of limitations such as the small number of stable packing materials at 
temperatures higher than 80°C as well as the potent ial degradation of thermolabile compounds and 
the need to have a constant temperature along the chromatographic system. Therefore, until now, the 
pharmaceutical industry has not considered this approach routinely [9]. 
 
The use of short columns (20-50 mm) to decrease the analyte retention volume and increasing the 
flow rate are the simplest approaches to reduce analysis time while limiting the generated 
backpressure [10]. However, both of these can compromise the chromatographic performance. 
Therefore, particle size should be simultaneously decreased or other chromatographic material such 
as monoliths may be developed. The last decade, new supports appeared on the market using small 
(3-3.5 and sub-2 µm) silica-based particles. According to the theory, efficiency and optimal velocity are 
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increased with small particles, allowing a separation with good resolution in a short analysis time [11]. 
Furthermore, due to a better mass transfer, velocity can be increased beyond its optimal value 
maintaining a good efficiency. However, a high flow rate applied on small particles, particularly with 
sub-2 µm particles, can generate a high backpressure (> 400 bar), which is not compatible with 
conventional instrumentation. Thus, new equipments have been recently commercialised to perform 
analyses at high pressure (up to 1000 bar) such as the UPLC™ (ultra performance liquid 
chromatography from Waters). With this approach, the columns must be able to operate at high 
pressure [12, 13] and new silica-based materials have been recently developed for this purpose [14]. 
Finally, when the same stationary phase chemistry is used, it is possible to easily transfer existing 
methods to fast chromatography. By applying scaling factors, the modifications of the column length 
and/or particle dimension allow to obtain fast analytical methods without losing resolution or sensitivity 
[15]. 
 
Whatever the selected strategy, fast or ultra-fast analyses present some constraints in terms of extra-
column volumes, injection time and detector response [16, 17].  
 
This paper describs the equations used for transferring an isocratic chromatographic method from a 
given system to another one (i.e. with different column geometry but similar stationary phase) with 
limited influence on chromatographic resolution. This methodology was applied to the transfer of 
conventional methods toward fast and ultra-fast chromatographic separations. To speed up the 
chromatographic separation, two procedures were implemented, namely the reduction of column 
length and particle size. The advantages/drawbacks and impact of both strategies on chromatographic 
performance (efficiency and resolution) were briefly discussed. As example and following these simple 
rules, it was possible to analyze a pharmaceutical formulation (Rapidocaïne®) containing lidocaïne, a 
local anaesthetic used for its propriety of cardiac anti-arrhythmia, in only few seconds instead of 
minutes in conventional conditions with the same performance.  
 
2. THEORY 
 
When dealing with geometrical method transfer, stationary phase nature has to be identical in the 
original and final method. Then it is of prime importance to check the compatibility of the 
chromatographic system with the new column dimensions. In isocratic mode, an additional band 
broadening, due to the instrumentation (known as “extra-column effect” or “extra-column band 
broadening”), could occur and become predominant when the column volume is reduced. Equations 
allowing to better understand the influence of extra-column effects according to the column 
dimensions are presented below (§2.1), and are discussed on the basis of experimental data in 
section §4.1 
In a second step, some adaptations are mandatory on injected volume and mobile phase flow rate to 
maintain chromatographic performance during the method transfer process. Corresponding equations 
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are given in §2.2 and experimental results obtained in fast-LC with shorter columns or columns packed 
with smaller particles are discussed in §4.2 and §4.3. 
 
2.1 Extra-column band broadening 
 
With small column dimensions, it is of prime importance to avoid any detrimental extra column 
volumes. Indeed, the observed peak variance (σ²tot) is linked to the chromatographic column itself 
(σ²col) and all the extra-column volumes of the chromatographic system (σ²ext). σ²tot could be expressed 
as:  
 
2
ext
2
col
2
tot σσσ += .          (1) 
 
For a good separation, the ratio between extra-column variance σ2ext and total variance should be less 
than 10%. 
 
Dispersion linked to the chromatographic column itself (σ²col) could be given by: 
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where σ²col is the column variance (in µL²); N the number of plates and VR the retention volume which 
is a function of the column’s dead volume V0 and the retention factor k  (VR=V0·(1+k)). 
 
Extra column band broadening could be expressed as the sum of three main dispersion sources: 
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where σ2ext is the extra-column variance, while σ2inj , σ2det and σ2tub are variances due to the injector, 
the detector and tubing, respectively. Thus, σ2ext depends on the injected volume Vinj, the tubing radius 
r and length l, the flow-cell volume Vcell, the detector time constant τ and the flow rate F according to 
the equation given below: 
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in which case Kinj and Kcell are constant (generally between 1 and 3 [18]) and linked to the injection 
mode and the UV cell geometry, respectively. 
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Following the determination of the σ²col and σ²ext contributions, the observed number of plates (Nobs) 
can be estimated, taking into account the extra-column band broadening, by the equation below: 
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Where, Ncol is the theoretical number of plates of the considered chromatographic support. 
 
2.2 Transfer rules in isocratic mode 
 
Two important parameters, the injection volume and the mobile phase flow-rate, have to be modified 
for transferring an isocratic method in a column packed with identical stationary phase but other 
dimensions.  
In order to avoid a detrimental extra-column band broadening (equation 4) and maintain an equivalent 
level of sensitivity, it is necessary to adapt the injection volume to the column dimension. The new 
injected volume (Vinj2) can be determined using the dead volumes of the original and transferred 
method, V01 and V02, respectively, according to Eq. 6: 
 
10
20
1inj2inj V
VVV ⋅= .          (6) 
 
The column dead volume can be expressed as: 
εpi ⋅⋅⋅= L
4
dV
2
c
0 ,          (7) 
 
Where, dc is the column internal diameter, L the column length and ε the support porosity with the 
same stationary phase. Therefore, the injected volume can be calculated according to the following 
equation: 
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For a successful method transfer, the reduced linear velocity of the mobile phase (ν) must be kept 
constant, since this value is independent on the column geometry or mobile phase flow rate: 
 
m
p
D
du
v
⋅
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Where, u as the mobile phase linear velocity (which depends on the column diameter), dp the particle 
diameter, and Dm the solute diffusion coefficient. Therefore, for a geometrical transfer, the product 
(u·dp) remains constant and the new flow rate (F2) is calculated with the Eq. 10: 
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FF ⋅⋅=           (10) 
 
Finally, the total analysis time of the transferred method, maintaining retention factors constant, can be 
estimated according to: 
1
2
0
0
2
1
1r2r V
V
F
Ftt ⋅⋅=           (11) 
 
All these equations can be easily used for determining the new parameters of a transferred isocratic 
method. A freely usable Excel® program called “HPLC calculator”, automatically establishing optimal 
conditions for method transfer in isocratic mode, has been distributed on an internal website [19]. 
 
3. EXPERIMENTAL 
 
3.1. Materials 
 
Lidocaine hydrochloride, methylparaben, and propylparaben were obtained from Sigma-Aldrich 
(Steinheim, Germany) and 2,6-dimethylaniline from Fluka (Buchs, Switzerland). The pharmaceutical 
formulation (Rapidocaïne 0.5%) was provided by Sintetica SA (Mendrisio, Switzerland).  
HPLC-grade Acetonitrile was from Panreac Quimica (Barcelona, Spain) and water was obtained from 
a Milli-Q water purification system (Millipore, Bedford, MA, USA). Aqueous buffer was prepared with 
anhydrous di-potassium hydrogen phosphate and potassium di-hydrogen phosphate (Fluka) by 
measuring the pH with a Metrohm pH meter (Herisau, Switzerland). 
Columns used were all provided by Waters and reported in Table 1. 
 
Table 1: Chromatographic columns 
Column Particle size (µm) Dimensions (mm) Abbreviation 
XTerra RP18 5.0 150 x 4.6 XT150 
XTerra RP18 3.5 50 x 4.6 XT50 
XTerra RP18 3.5 30 x 4.6 XT30 
XTerra RP18 3.5 20 x 4.6 XT20 
Acquity Shield BEH RP18 1.7 50 x 2.1 ACQS 
 
3.2. Samples and mobile phases 
 
An aqueous reconstituted solution of Rapidocaïne® containing 0.5 mg/mL lidocaïne hydrochloride, 
0.08 mg/mL methylparaben and 0.01 mg/mL propylparaben was prepared by appropriate dilution of 1 
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mg/mL standard solution of each component in acetonitrile-water (50:50, v/v). The degradation 
product of lidocaïne (2,6-dimethylaniline) was added to the reconstituted solution of Rapidocaïne® at a 
concentration of 0.005 mg/mL, after dilution of 1 mg/mL standard solution in acetonitrile-water (50:50, 
v/v). The mobile phase was constituted of a mixture with appropriate proportion of aqueous phosphate 
buffer pH 7.2, 50mM and acetonitrile. 
Buffers were prepared by dissolving the appropriate amount of KH2PO4 and K2HPO4 in water and by 
mixing these two solutions to attain pH 7.2. In all cases, the pH was measured before adding the 
organic modifier. 
 
3.3. Apparatus 
 
Conventional HPLC 
Separations were performed on a Merck LaChrom system (Merck, Darmstadt, Germany) constituted 
of L-7100 programmable pumps, a L-7200 auto-sampler with a 100 µL loop, a L-4250 UV-VIS 
programmable detector and a L-7300 column oven. The UV-VIS detector contained a 14 µL standard 
flow cell, the time constant was set at 0.1 s and data sampling rate at 20 Hz. Data acquisition, data 
handling and instrument control were performed by D-7000 HPLC System Manager Software. Extra-
column band broadening of this instrument was estimated (Eq. 4) at approximately σ²ext = 200 µL². 
 
Optimized (Rapid) HPLC 
Separations were performed on the Waters® Acquity UPLC system. This instrument included a binary 
solvent manager, an auto-sampler with a 2 µL loop, a UV-VIS programmable detector and a column 
oven set at 30°C. The UV-VIS detector contained a 5 00 nL flow cell, the time constant was set at 25 
ms and data sampling rate at 40 Hz. Data acquisition, data handling and instrument control were 
performed by Empower Software. Extra-column band broadening of this instrument was estimated 
(Eq. 4) at about σ²ext = 5 µL². 
 
3.4. Methodology 
 
The conditions used for carrying out experiments with conventional and optimized systems are given 
in Table 2. Reported values were calculated with the “HPLC calculator” and using equations described 
in § 2. 
 
Table 2: HPLC conditions 
 Conventional HPLC Optimized HPLC 
Column XT150, XT20 XT50, XT30, XT20, ACQS 
Flow rate 1000 µL/min – XT150 1430 µL/min – XT50, XT30, XT20 
Injection volume 20 µL – XT150 7 µL – XT50 
Mobile phase (A:B) 50:50  50:50 
UV @ 230 nm Flow cell : 14 µL Flow cell : 500 nL 
A: phosphate buffer pH 7.2, 50 mM; B: acetonitrile 
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4. RESULTS AND DISCUSSION 
 
4.1. Influence of extra-column band broadening on the quality of the transfer 
 
As reported in Eq. 1, the peak variance (σ²tot) is related to the column itself (σ²col) and to extra-column 
volumes (σ²ext). As an example, 150 x 4.6 and 20 x 4.6 mm columns have an approximate dead 
volume of 1.6 and 0.2 mL, respectively. The column dead volume (V0) being directly proportional to 
the column length (L), a low value generates low column dispersion. Therefore, with small σ²col values, 
it is of prime importance to reduce all extra-column band broadening contributions for maintaining a 
good efficiency. Fig. 1a presents the remaining efficiency Nobs (estimated with Eq. 5 and a retention 
factor of 3) according to the column geometry and extra-column band broadening values. Fig. 1b gives 
the same information in a relative scale. For drawing these plots, the theoretical efficiency (Ncol) was 
estimated with an average value of reduced height equivalent to a theoretical plate, h = 2.5. It was 
demonstrated that short columns (20 and 50 mm) packed with 3.5 µm particles possessed lower 
efficiencies than the conventional column (150 mm, 5 µm), while a short column (50 mm) packed with 
sub-2 µm particles presented an equivalent efficiency. However, depending on the chromatographic 
system (i.e. σ²ext), the loss in efficiency could be detrimental.  
 
 
Figure 1: Estimation of the remaining efficiency as a function of extra-column dispersion (σ²ext) for a retention factor k = 3. 
Column geometry: ♦ = 150 x 4.6 mm, 5 µm;  = 50 x 4.6 mm, 3.5 µm;  = 20 x 4.6 mm, 3.5 µm;  = 50 x 2.1 mm, 1.7 µm. (a) 
Absolute remaining efficiency as a function of σ²ext, (b) Relative remaining efficiency (%) as a function of σ²ext. 
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For example, the conventional HPLC system (σ²ext = 200 µL²) was well adapted to 150 x 4.6 mm 
columns, but became unsuitable for smaller columns (50 and 20 mm length), since efficiency was 
strongly reduced (up to 35 %). As shown in Fig. 2, an isocratic separation of four compounds 
performed on a conventional LC system with a column of 150 x 4.6 mm gave satisfactory results, while 
the same separation (transferred according to Eqs. 8 and 10) carried out in a shorter column (20 x 4.6 
mm) was unsatisfactory (Fig. 5). The significant loss in resolution was due to the low efficiency of the 
column and to extra-column volumes (remaining efficiency of ca. 1300 plates). In particular, when 
column I.D. is reduced (2.1 mm), an optimized chromatographic system with very low σ²ext is 
mandatory, as shown in Fig. 1b. 
 
Figure 2: Analysis of Rapidocaïne®: 1. methylparaben; 2. 2,6-dimethylaniline; 3. propylparaben; 4. lidocaïne hydrochloride, on 
conventional LC system. Column: XTerra RP18 150 x 4.6 mm, 5 µm; mobile phase: phosphate buffer pH 7.2 - acetonitrile (50:50, 
v:v); flow rate: 1000 µL/min; injection volume: 20 µL; detection: UV @ 230nm, flow cell: 14 µL, constant time: 100 ms; 
temperature: 30°C.  
 
An optimized HPLC system should possess low-volume connecting tube and detector cell (500nL-
2µL). The detector time constant τ could also affect the separation at high flow rates (Eq. 4) and 
should be decreased as much as possible without generating excessive noise. Because, the main 
goal of this study was to compare chromatographic performance in terms of efficiency and/or analysis 
time and not sensitivity, the lowest time constant value was always selected. Finally, the injected 
volume was adapted to the column geometry according to Eq. 8. Nevertheless, when sensitivity 
becomes a critical issue, a larger volume can be injected using the on-column focusing principle [16, 
20]. 
In order to reduce the importance of extra-column volumes and avoid an unacceptable efficiency loss 
(higher than 10%), chromatographic conditions leading to high retention factors could be considered 
(i.e. high σ²col values). As shown in Fig. 3, for a separation achieved with the conventional system 
(σ²ext = 200 µL²), retention factors should be close to 2, 4, and 8 for 150, 50, and 20 mm column 
lengths, respectively.  
 
124 
___________________________________________________________________ 
 
Figure 3: Estimation of retention factor values leading to an efficiency loss inferior to 10%, according to the extra-column 
dispersion (σ²ext) of the chromatographic system. Column geometry: ♦ = 150 x 4.6 mm, 5µm;  = 50 x 4.6 mm, 3.5µm;  = 20 x 
4.6 mm, 3.5 µm;  = 50 x 2.1 mm, 1.7 µm.  
 
Fig. 4 demonstrates the separation obtained in the analysis of Rapidocaïne® formulation on a 
conventional HPLC with the minimal considered column length, i.e. 20 mm. Organic modifier was 
reduced to 20% for obtaining a better resolution with a simultaneous improvement in selectivity, 
retention and efficiency. With 20% ACN, retention factors were between 6 and 30. These values were 
not prohibitive, since the column dead time was only 10 seconds and the running time remained 
acceptable (ca. 5.5 min). However, since the mobile phase composition was modified, a direct 
geometrical transfer could not be applied and the method should be re-optimized.  
 
Figure 4: Separation of Rapidocaïne® (1. methylparabene, 2. 2,6-dimethylaniline, 3. lidocaïne, 4. propylparabene) on 
conventional HPLC system: column : XTerra RP18 20 x 4.6mm, 3.5µm; mobile phase: isocratic phosphate buffer pH 7.2 -  
acetonitrile (80:20), flow rate: 1430µL/min; detection UV @ 230nm, flow cell: 14 µL, constant time: 100ms; temperature: 30°C; 
injection volume : 3µL. 
 
Nevertheless, it is not possible with an acceptable k range (2 < k < 20) to obtain satisfactory results 
using a column of 50 x 2.1 mm with a conventional system. With the optimized instrumentation (σ²ext = 
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5 µL²), low retention factors (k < 2) are compatible with all column lengths of 4.6.mm I.D., while a 50 x 
2.1mm column requires retention factors higher than 4.  
 
4.2. Method transfer with short columns packed with 3.5 µm particles 
 
A method was originally developed for the analysis of Rapidocaïne 0.5% on a 150 x 4.6 mm, 5µm 
column using conventional HPLC instrumentation (fig 2a). This method was altered (Eqs. 8 and 10) for 
the use of shorter columns, packed with XTerra RP18, 3.5 µm, of various geometries (50, 30, and 20 x 
4.6 mm) with an optimized UPLC system (Fig. 5). The analysis time was reduced using these short 
columns. As indicated by equation 11, a reduction by a factor of 10 was observed between the 
conventional and the smaller column. However, as expected by theory, efficiencies significantly 
decreased with the column length leading to a significant and critical loss in resolution and sensitivity 
with 30 and 20 mm columns. Peak height was reduced 3 to 4 fold with columns of 150 and 20 mm.  
 
Figure 5: Analysis of Rapidocaïne®: 1. methylparaben, 2. 2,6-dimethylaniline, 3. propylparaben, 4. lidocaïne hydrochloride, on 
optimized LC system. Detection: UV @ 230 nm; flow cell: 500 nL; constant time: 25 ms; temperature: 30°C; mobile phase : 
phosphate buffer pH 7.2 - acetonitrile (50:50, v/v). (a) Column: XTerra RP18 50 x 4.6 mm, 3.5 µm; flow rate: 1430 µL/min; 
injection volume: 7 µL. (b) Column: XTerra RP18 30 x 4.6 mm, 3.5 µm; flow rate: 1430 µL/min; injection volume: 4 µL. (c) 
Column: XTerra RP18 20 x 4.6 mm, 3.5 µm; flow rate: 1430 µL/min; injection volume: 3 µL. 
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In conclusion, short columns packed with particles of 3.5 µm are interesting for simple separations 
carried out in isocratic mode (e.g. quality control of a pharmaceutical formulation). However, it is 
necessary to use high retention factors (k > 3) for avoiding detrimental effect of extra-column band 
broadening. It must be noted that these short columns can be used for more complex separations 
when coupled to mass spectrometry (MS) [21, 22]. With this selective detector, satisfactory results can 
be obtained even if all compounds were not baseline resolved. However, the detector’s sampling rate 
must be adapted for performing these fast-LC separations. 
 
4.3. Method transfer with short columns packed with 1.7µm particles 
 
As mentioned above, the original separation of lidocaïne and related compounds was performed on an 
XTerra RP18, 5 µm (Fig. 2). In order to transfer the method to fast-LC, an Acquity BEH Shield RP18, 1.7 
µm was selected since both stationary phases were similar in chromatographic selectivity (data not 
shown). The method was geometrically transferred to a 50 x 2.1 mm column, taking into account the 
described transfer rules (Eqs. 8 and 10). Under these conditions, the analysis time was reduced to 
only 40 seconds (Fig. 6a) at a flow rate of 610 µL/min. As expected, selectivity was only slightly 
modified and resolution remained almost constant. It is noteworthy that efficiency was even slightly 
improved (about 10%) with the short column, due to a better chromatographic behaviour of the 
embedded stationary phase for analyzing basic compounds.  
 
 
Figure 6: Analysis of Rapidocaïne®: 1. methylparaben, 2. 2,6-dimethylaniline, 3. propylparaben, 4. lidocaïne hydrochloride, on 
an optimized LC system. (a) Column: Acquity Shield BEH RP18 50x 2.1mm, 1.7 µm - Mobile phase: phosphate buffer pH 7.2 - 
acetonitrile (50:50, v/v); flow rate: 610 µL/min; temperature: 25°C; detection UV @ 230nm; injected vo lume: 1.4 µL. (b) identical 
conditions except: flow rate: 1000 µL/min and injected volume: 1.4 µL. 
 
According to the literature [11 and references therein], sub-2µm particles can be used at higher flow 
rates than their optimal values without any significant change in efficiency. Therefore, the same 
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analysis was performed at 1000 µL/min corresponding to the maximal pressure compatible with the 
UPLC system (Fig. 6b). With these conditions, the ultra-fast separation was achieved in less than 30 
seconds with equivalent chromatographic performances (retention factor and selectivity) and a small, 
but acceptable, loss in efficiency (< 10%). 
In term of sensitivity, no significant modifications of peak heights were observed, but the signal-to-
noise ratio was reduced by a factor 3 with the transferred method. This phenomenon was attributed to 
the low time constant and the higher acquisition rate of the UV detector (25 ms and 40 Hz, 
respectively) which generated higher background noise. In conclusion, short columns packed with 
sub-2µm particles are compatible with fast and ultra-fast analyses maintaining good chromatographic 
performances, even in isocratic conditions. 
 
5. CONCLUSION 
 
This paper described the fundamental chromatographic equations used for transferring an isocratic 
separation carried out with a given stationary phase and column geometry to a smaller column packed 
with similar or identical stationary phase with limited influence on chromatographic resolution. For this 
purpose, the flow rate and the injected volume were adapted and an optimized LC system was used. 
 
Short columns packed with 3.5µm particles allowed a large decrease in analysis time but did not offer 
sufficient efficiency even with an optimized LC system, leading to an unacceptable loss in resolution 
vs. a conventional analysis. In the isocratic mode, these columns are thus only compatible for simple 
separations and should be used only with mass spectrometry. 
 
On the other hand, short columns packed with sub-2µm particles reduced more drastically the analysis 
time while keeping efficiency and resolution constant. Therefore, fast and ultra-fast analyses can be 
performed, while maintaining good chromatographic performance. 
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7. LIST OF ABBREVIATIONS 
 
dc  Column internal diameter 
Dm  Diffusion coefficient of solute at very low concentration in solvent 
dp   Particle size in packed bed 
F  Mobile phase flow rate 
k  Retention factor 
Kcell  Constant linked to UV cell configuration 
Kinj  Constant linked to injection mode 
L  Column length 
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Lc  Connection tubing length 
N  Plate number 
Ncol  Theoretical column plate number 
Nobs  Experimentally observed number of column plates 
rc  Connection tubing radius 
t0  Column dead time 
tr  Analysis time 
u   Mobile phase linear velocity 
v  Reduced mobile phase linear velocity 
V0  Column dead volume 
Vcell  UV cell volume 
Vinj  Injected volume 
VR  Retention volume 
σ²col Column dispersion 
σ²det  Variance due to detector 
σ²ext Extra-column dispersion 
σ²inj  Variance due to injector 
σ²tot Observed peak variance  
σ²tub  Variance due to tubing 
τ  Detector constant time 
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ABSTRACT: 
 
Liquid chromatography (LC) is currently considered as the gold standard in pharmaceutical analysis. 
Today, there is an increasing need for fast and ultra-fast methods with good efficiency and resolution 
for achieving separations in a few minutes or even seconds. A previous article (i.e. Method transfer for 
fast LC in pharmaceutical analysis. Part I: Isocratic separation) described a simple methodology for 
performing a successful method transfer from conventional LC to fast and ultra-fast LC in isocratic 
mode. However, for performing complex separations, the gradient mode is often preferred. Thus, this 
article reports transfer rules for chromatographic separations in gradient mode. The methodology was 
applied for the impurity profiling of pharmaceutical compounds, following two strategies. 
A first approach, using short columns (20-50 mm) packed with 3.5 µm particles and optimized HPLC 
instrumentation (with reduced extra-column and dwell volumes), was applied for the separation of a 
pharmaceutical drug and 8 related impurities. Special attention was paid to the dwell (gradient delay) 
volume, which causes the most detrimental effect for transferring a gradient method. Therefore, the 
dwell volume was simultaneously decreased with the column dead volume. Under optimal conditions, 
it was possible to reduce the analysis time by a factor 10, with an acceptable loss in resolution since 
the column length reduction is less critical in gradient than isocratic mode. 
The second tested approach was Ultra Performance Liquid Chromatography (UPLC), where sub-2 µm 
particles were used simultaneously with very high pressures (up to 1000 bar). A complex 
pharmaceutical mixture containing twelve compounds was separated in only 1.5 min allowing a 
reduction of the analysis time by a factor of 15 in comparison to a conventional method, with similar 
peak capacity. 
 
Keywords: high speed liquid chromatography, method transfer, gradient mode, short columns, UPLC, 
fast separation. 
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1. INTRODUCTION 
 
In a previous article [1], general rules were described for transferring, in isocratic mode, a conventional 
method to fast- or ultra-fast liquid chromatography (LC) in pharmaceutical analysis. It was shown that 
among the different tested approaches, the use of short columns (i.e. 5 cm length) packed with 1.7 µm 
particles was the best strategy to significantly reduce the analysis time while maintaining efficiency 
and, therefore, resolution constant. However, it was also demonstrated that dedicated instrumentation 
was necessary, with low extra-column volumes and high detection acquisition rates. Furthermore, very 
small particles induce a large back pressure (Darcy’s law) and the equipment must be also compatible 
with the high generated pressure. As shown previously [1], fast- and ultra-fast separations were 
achieved by Ultra Performance Liquid Chromatography (UPLC) compatible with short columns packed 
with 1.7 µm particles and high pressure (1000 bar). 
 
Gradient elution is largely used in pharmaceutical analysis for performing complex separations (e.g. 
purity profiles, analyzing drugs and metabolites, etc) where compounds possess a broad polarity 
range [2-3]. Generally, three variables must be optimized for achieving a separation in gradient mode: 
the initial and final proportion of the hydro-organic solvent as well as the gradient time. Advantages of 
gradient versus isocratic separation are well known [4-7] and include the sensitivity improvement (due 
to lower chromatographic dilution), the peak capacity increase (peak width being independent of 
retention), and the analysis time reduction. Gradient drawbacks are mainly related to the particular 
requirements of the LC instrumentation and to the laborious method development, even if optimization 
software can tackle this difficulty [8-11]. Furthermore, method transfer is often more complex since 
additional variables coming from the equipment can impact on selectivity such as the value of the 
dwell volume [5]. 
 
A large number of fast separations in gradient mode have been reported in the literature with short 
columns packed with small particles [12-15]. However, chromatographic resolution was often not 
sufficient and mass spectrometry (MS) was mandatory for quantitative purposes. Fast separations 
using short columns packed with sub-2 µm particles were also reported by Lurie et al. [16]. A complex 
separation of 16 anabolic steroids was achieved in less than 3 min and a wide variety of drugs was 
separated in approximately 2 min, both with a column of 30 mm packed with 1.7 µm particles. Other 
authors demonstrated the potential of fast gradients in UPLC for pharmaceutical formulations and 
environmental compounds [17, 18]. 
 
As previously reported for isocratic separations [1], this paper describes the basic equations for 
transferring a conventional method from a given system to a fast separation. Two strategies were 
applied in gradient mode to reduce the analysis time (short columns packed with 3.5 µm particles and 
UPLC) and, for achieving a successful transfer in gradient mode, a particular attention was paid to the 
instrumentation. In this paper, different examples were presented to illustrate the transfer gradient 
method from conventional HPLC to fast LC conditions. 
133 
___________________________________________________________________ 
2. THEORY  
 
2.1 Theory of gradient elution 
 
The efficient use of gradient elution in reversed phase-liquid chromatography (RP-LC) requires an 
understanding of the relations between separation (retention factor, bandwidth, selectivity, resolution) 
and operating parameters such as gradient profile, column geometry, mobile phase flow rate, etc. For 
this purpose, several theories have been proposed to describe gradient elution by Jandera and co-
workers [19], Schoenmakers and co-workers [6, 7, 20] and other groups [21, 22]. These approaches, 
based on detailed mathematical expressions, allow precise calculations but offer little help for 
conventional LC users in pharmaceutical analysis. 
Alternatively, Snyder et al. have developed an approximate theoretical treatment for understanding 
and controlling separation in RP-LC gradient elution [5, 23-24]. The so-called Linear Solvent Strength 
(LSS) theory gives an explicit and simple solution to evaluate retention in gradient elution since it 
considers the gradient in a very similar way to isocratic elution. Therefore, the LSS theory presents a 
great advantage since it explains the similarities and the differences between isocratic and gradient 
separations. Among the set of equations proposed by Snyder et al. [5] to completely describe the 
gradient elution, the main relationships for retention, bandwidth and resolution have been selected and 
summarized below. 
 
2.1.a) Retention in gradient elution 
As presented in Figure 1, in the RP-LC gradient mode, the organic modifier proportion is generally 
modified from a low starting value (%Binitial) to a higher final value (%Bfinal). Since the eluent 
strength increases during the chromatographic process, the retention factor k for each sample 
component decreases with time. Therefore, k, as defined in isocratic mode, is an unsuitable parameter 
for retention in gradient elution. For this reason, the LSS theory introduces the concept of ke, which 
represents the retention factor of the solute in the eluted mobile phase composition. The latter 
represents the “average” or “effective” value of k during gradient elution. It defines the peak width in 
gradient elution mode and could be estimated with: 
b3.2
1ke
⋅
=
           (1) 
The b term is the gradient steepness, obtained by:  
grad
0
t
Stb ⋅⋅= ∆Φ
          (2) 
where, tgrad is the gradient time, t0 is the column dead time which depends on the column dead 
volume and mobile phase flow rate (t0=V0/F), ∆Φ=%Bfinal-%Binitial is the change in composition 
during the gradient, ranging from 0 to 100 (see Figure 1), and S is a term almost constant which 
corresponds to the elution strength of the organic modifier (slope of the logarithmic plot: d(log k)/dΦ). 
S depends on the solute and organic modifier nature and could be considered equal to a constant 
comprised between 0.03 and 0.05 for a linear relationship of log k vs. %B, with associated k 
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comprised between 1 and 15 [25]. S being constant, gradient steepness (b) should ideally remain 
constant for all compounds eluted during the chromatographic run. This assumption is valid for 
compounds of related structure but not in all cases (e.g. S depends on the chemical structure and 
MW of the compounds). With this assumption, and in opposite to isocratic elution, the LSS gradient 
theory demonstrates approximately equal values of average retention factor for samples eluting at 
different times during separation.  
 
 
Figure 1: Graphical representation of the main parameters used to describe gradient elution, in the theoretical section. 
 
Another difference in the case of gradient experiments is that the average retention factor (ke) 
depends on the system geometry (gradient time, flow rate and column dimensions), according to 
equations 1 and 2. For these reasons, the estimation of expected retention time is more complex and 
the observed retention time for a chromatographic peak in gradient RP-LC can be expressed by the 
following equation [5]: 
d00
0
R tt)1bk3.2log(b
tt +++⋅=
     (3) 
where, tR is the retention time in a linear gradient separation, k0 is the retention factor at a mobile 
phase composition corresponding to the beginning of the gradient (i.e. for Φ=%Binitial) and td is the 
system dwell time for gradient elution (discussed in details in §4.1.). All these parameters are 
presented in Figure 1. 
 
2.1.b) Peak width in gradient elution 
Under isocratic conditions, the peak widths proportionally increase with retention, (leading to broader 
peaks and lower sensitivity). Conversely, the bandwidths in gradient elution chromatography can be 
considered (at least approximately) constant for all compounds eluted during the gradient process and 
equivalent to the peak width of a compound eluted with k=1-2, under isocratic conditions [26]. This 
phenomenon is attributed to the constant average retention factor (ke) of all compounds, whatever 
their eluting time. Peak widths at half height in time units (σt) can be estimated with: 
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t +=σ       (4) 
It must be noted that this estimation neglects the phenomenon of band compression seen in gradient 
elution [27]; namely, the trailing edge of the chromatographic peak migrates faster due to a more 
eluent mobile phase composition, compared to the leading edge of the peak eluted with a weaker 
mobile phase, during gradient process. The error caused by this approximation is expected to be in 
the range 10 - 20% [28], but can be partially corrected by the variation of viscosity and diffusion 
coefficients with mobile phase composition, stationary phase diffusion phenomena or extra-column 
peak broadening [27].  
 
As previously described in the literature, the concept of efficiency is based on the number of 
theoretical plates (N=5.54.(tr²/σ²) and is not adapted for gradient elution. Thus, the concept of peak 
capacity (npeaks) must be used [29-31]. The latter, appropriate for isocratic and gradient elution, is 
defined as the number of peaks which can be resolved in a certain time interval, provided that all 
compounds are separated with an equal resolution, Rs=1.  
t
grad
peaks
.4
t
1n
σ
+=
       (5) 
According to Eq. 4 and 5, peak capacity is related to the average number of plates, N, theoretically 
generated by the chromatographic column in isocratic experiments (i.e. N=L/(h.dp), where h is the 
reduced plate height equivalent to a theoretical plate) and to the average retention factor ke (see eq. 
1). Because of the broader retention range and the narrower peaks, the peak capacity is considerably 
higher in gradient than in isocratic mode.  
 
2.1.c) Resolution in gradient elution 
The peak width in gradient mode, σt can be assumed the same for each band and is given by 
equation 4. Therefore, the general equation for resolution (Rs) between two adjacent bands 1 and 2 in 
isocratic mode should be replaced in gradient elution by: 
t
12
S
.4
trtrR
σ
−
=        (6) 
Where tr1 and tr2 are the retention times of peaks 1 and 2, respectively. 
Another expression for Rs in gradient elution can be obtained thanks to equation 3 and 4: 
0
e
e
S log.k1
k.3.2
.
4
NR α
+
=       (7) 
Where α0 represents the selectivity between peaks 1 and 2 at a mobile phase composition 
corresponding to the initial composition of the gradient (i.e. for Φ=%Binitial). As reported in Equation 7, 
three different parameters influence resolution in gradient mode: the isocratic chromatographic 
efficiency, which depends on column geometry and flow rate (i.e. according to Knox curves); the 
selectivity which is related to the gradient profile and column chemistry; and the capacity term, which 
is a function of the average retention factor, ke. 
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In conclusion, resolution and peak capacity are generally improved in gradient elution over the 
isocratic mode. The LSS gradient theory allows the demonstration of such features and represents a 
correct, simple and easy-to-use description of gradient elution in RP-LC. 
 
2.2 Method transfer in gradient elution 
 
Simple scaling equations are necessary in gradient mode to determine the injected volume and the 
flow rate to be used with a new column geometry.  
 
The new injected volume is proportional to the square ratio of the column diameters (dc), and the ratio 
of the column lengths (L), as indicated in [1]: 
1
2
2
1c
2
2c
injinj L
L
d
dVV
12
⋅⋅=
      (8) 
where, 1 and 2 are related to the original and transferred methods, respectively. 
It can be noted that larger injection volumes than predicted can be used to maximize sensitivity. 
However, the sample should be dissolved in a solvent of weaker eluent strength than the initial mobile 
phase composition gradient. This approach described as sample focusing (peak compression) [32] 
allows the enrichment of the analytes on the top of the column.  
 
To take into account changes in geometry (i.e. column length, L and particle size, dp), the new flow 
rate value, F2 is estimated according to the following equation [1]: 
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FF ⋅⋅=       (9) 
To maintain constant retention factors and resolution between an original and transferred method, 
other parameters must be optimized. In linear or multi-linear gradient elution, the gradient profile can 
be decomposed as the combination of two parts: isocratic and gradient segments. For both parts, the 
gradient volume should be scaled in proportion to the column volume, to yield identical elution 
patterns. The rules for efficient gradient transfer, introduced by Snyder and Dolan [33] and updated 
recently by Carr et al. [34] should be strictly followed.  
For the isocratic step (and also equilibrating time), the ratio between isocratic step time (tiso) and 
column dead time (t0) should be adapted with the help of Eq. 10: 
1
2
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Ftt ⋅⋅=
      (10) 
For slope segments, the initial and final gradient composition (%B), must be constant, and the new 
gradient time (tgrad2) expressed as: 
2
initialfinal
grad slope
)B%B(%
t 11
2
−
=
      (11) 
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The new gradient slope (slope2) is estimated according to Eq. 12: 
21 0201 tslopetslope ⋅=⋅
      (12) 
Considering this equation, the new slope value is equivalent to: 
1
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0
10
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⋅⋅=
      (13) 
All these equations can be easily used for determining the new parameters of a transferred gradient 
method. A freely usable Excel program called “HPLC calculator”, automatically establishing optimal 
conditions for method transfer in gradient mode, using Eqs. 8 to 13, has been distributed on an 
internal website [35]. In this calculator, system dwell volume can also be considered for calculation in 
gradient mode. 
 
3. EXPERIMENTAL SECTION 
 
3.1 Materials 
 
Compounds used throughout the study consist of an active substance and putative by-products with 
undisclosed structures. 
Acetonitrile was of HPLC gradient grade from Panreac Quimica (Barcelona, Spain). Water was 
obtained from a Milli-Q water purification system from Millipore (Bedford, MA, USA). Formic acid was 
obtained from SDS (Peypin, France) and pH (in aqueous solution) was measured with a Metrohm pH 
meter (Herisau, Switzerland). 
Columns used were all provided by Waters (Milford, MA, USA) and are reported in Table 1. 
 
Table 1: Chromatographic columns used 
Column type Abbreviation 
Particle size 
(µm) 
Dimensions 
(mm) 
XTerra RP18 XT150 5 150 × 4.6 
XTerra RP18 XT50 3.5 50 × 4.6 
XTerra RP18 XT30 3.5 30 × 4.6 
XTerra RP18 XT20 3.5 20 × 4.6 
XBridge C18 XBD150 5 150 × 4.6 
Acquity UPLC BEH C18 ACQ50 1.7 50 × 2.1 
 
3.2. Samples and mobile phases 
 
Two aqueous reconstituted solutions of the drug cocktail containing the active substance and its by-
products were prepared by appropriate dilution of 1 mg/mL standard solution of each component in 
acetonitrile-water (50:50, v/v). The first solution contained the active substance at 100 ppm and eight 
by-products at 40 ppm. The second solution contained the active substance at 100 ppm and eleven 
by-products at 40 ppm. 
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The mobile phase consisted of a gradient mixture of 0.01 % (v/v) formic acid in water and 0.01 % (v/v) 
formic acid in acetonitrile. Experimental conditions are reported in Table 2 and 3. 
 
Table 2: Experimental conditions for the gradient transfer of pharmaceutical formulation and 8 related impurities from 
conventional HPLC to fast-LC. 
 Conventional HPLC Fast-LC (short columns) 
Columns 
XT150 
XT20 
XT50 
XT30 
XT20 
Flow rate 
XT150 : 1000 µL/min 
XT20 : 1430 µL/min 
XT50 : 1430 µL/min 
XT30 : 1430 µL/min 
XT20 : 1430 µL/min 
Injection volume 
XT150 : 20 µL 
XT20 : 3 µL 
XT50 : 7 µL 
XT30 : 4 µL 
XT20 : 3 µL 
Gradient profile 
T(time in min) (A:B) 
XT150 : T0 (100:0), T30 (40:60), T31 (100:0), T45 (100:0) 
XT20 : T0 (100:0), T2.8 (40:60), T2.9 (100:0), T4.2 (100:0) 
XT50 : T0 (100:0), T7.0 (40:60), T7.2 (100:0), T10.5 (100:0) 
XT30 : T0 (100:0), T4.2 (40:60), T4.3 (100:0), T6.3 (100:0) 
XT20 : T0 (100:0), T2.8 (40:60), T2.9 (100:0), T4.2 (100:0) 
UV detection 
Flow cell : 14µL 
Constant time : 100ms 
Sampling rate : 20pts/s 
Flow cell : 500nL 
Constant time : 25ms 
Sampling rate : 40pts/s 
Dwell volume ~1300 µL ~130 µL 
   A : 0.01% formic acid in H2O 
   B : 0.01% formic acid in ACN/H2O (50:50 %v/v) 
 
 
Table 3: Experimental conditions for the gradient transfer of pharmaceutical formulation and 11 related impurities from 
conventional HPLC to UPLC. 
 HPLC Assay UPLC Assay 
Columns XBD150 ACQ50 
Flow rate 
1000 µL/min 610 µL/min 
1000 µL/min 
Injection volume 20 µL 1.4 µL 
Gradient profile 
T(time in min) (A:B) 
T0 (100:0), T30 (40:60), T31 (100:0), T45 (100:0) 610 µL/min : T0 (100:0), T3.4 (40:60), T3.5 (100:0), T5.1 (100:0) 
1000 µL/min1 : T0 (100:0), T3.4 (40:60), T3.5 (100:0), T5.1 (100:0) 
1000 µL/min2 : T0 (100:0), T2.1 (40:60), T2.2 (100:0), T3.1 (100:0) 
UV detection 
Flow cell : 14 µL 
Constant time : 100ms 
Sampling rate : 20 pts/s 
Flow cell : 500 nL 
Constant time : 25ms 
Sampling rate : 40pts/s 
Dwell volume ~1300 µL ~130 µL 
   A : 0.01% formic acid in H2O 
   B : 0.01% formic acid in ACN/H2O (50:50 %v/v) 
   1incorrect conditions (gradient profile not adapted to the flow rate) 
   2correct conditions (gradient profile adapted to the flow rate) 
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3.3. Apparatus 
 
HPLC 
Separations were performed on a Merck LaChrom system (Merck, Darmstadt, Germany) constituted 
of L-7100 programmable pumps, a L-7200 autosampler with a 100 µL loop, a L-4250 UV-VIS 
programmable detector and a L-7300 column oven. The UV-VIS detector contained a 14 µL standard 
flow cell, the time constant was set at 0.1 s and data sampling rate at 20 points/s. Data acquisition, 
data handling and instrument control were performed by D-7000 HPLC System Manager Software. 
Extra-column band broadening of this instrument was estimated at approximately σ²ext=200 µL² at 
1000µL/min [1]. 
 
UPLC 
Separations were performed on the Waters® Acquity UPLC system. This instrument included a binary 
solvent manager, an autosampler with a 2 µL loop, a UV-VIS programmable detector and a column 
oven set at 30°C. The UV-VIS detector contained a 5 00 nL flow cell, the time constant was set at 25 
ms and data sampling rate at 40 points/s. Data acquisition, data handling and instrument control were 
performed by Empower Software. Extra-column band broadening of this instrument was estimated at 
about σ²ext=5 µL² at 600µL/min [1]. 
 
3.4. Methodology 
 
Table 2 gives conditions used for carrying out HPLC and UPLC experiments. Reported values were 
calculated with the “HPLC calculator” using equations described in § 2.2. 
 
4. RESULTS AND DISCUSSION 
 
In isocratic mode, the emphasis was made on extra-column band broadening contributions (σ²ext) 
which could significantly reduce chromatographic performance when short and thin columns (i.e. small 
σ²col) are considered. The negative influence of σ²ext on efficiency was more pronounced for less 
retained compounds (i.e. with low retention factors, k). For this reason, the problem was solved either 
by using optimized chromatographic instrumentation (e.g. low σ²ext) or by increasing retention factors 
k (e.g. to enhance σ²col) [1]. 
In gradient mode, extra-column effects also exist and influence chromatographic performance. 
However, because apparent retention factors ke are identical under gradient elution conditions (Eq. 1), 
each peak in the chromatogram is similarly affected by extra-column contributions. Therefore, 
separations performed in gradient elution are less subjected to extra-column effects when ke are 
shifted to high values to reach optimal performance (see Eq. 5). 
In this study, experiments in gradient mode were always performed with ke>3. For this reason, 
problems encountered during method transfer could only be partially attributed to extra column 
volumes effects, and mostly to the system dwell volume. 
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4.1 The system dwell volume 
 
The system dwell volume (Vd) is also known as gradient delay volume. It refers to the volume of a 
HPLC system between the mixing point of solvents and the head of the analytical column. Low-
pressure mixing systems possess generally larger dwell volumes than high-pressure mixing systems. 
After the starting of the gradient, it will take time until the selected proportion of solvent reaches the 
column. It means that the sample is subjected to an additional isocratic migration in the initial mobile 
phase (i.e. td in Fig. 1, which has to be added to a potential initial isocratic hold equal to tiso). Since 
the gradient dwell volume may differ from system to another, this extra isocratic step would be 
different and could result in retention time variations affecting resolution when transferring a method 
[25, 33, 34]. Some authors [33, 34] have demonstrated that the basic law of gradient transfer, as 
described in Eq. 12, is only valid as long as the system dwell volume (Vd or dwell time, td) is negligible 
and/or when analytes possess high apparent retention factors. Significant variations in apparent 
retention time and resolution could occur for early eluting peaks which are strongly affected by the 
gradient delay volume. To overcome this problem, the td/t0 ratio must be held constant while changing 
column dimensions, particle size or mobile phase flow rate. 
 
Separations of a pharmaceutical drug and eight impurities were carried out on conventional (150 x 4.6 
mm, 5 µm) and short columns (20 x 4.6mm, 3.5 µm) with the conventional HPLC system. 
Experimental conditions are reported in Table 2 and were adapted as a function of the column (e.g., 
injection volume, flow-rate and gradient profile, according to Eqs. 8, 9, 11 and 13). Corresponding 
chromatograms are given in Fig. 2, showing differences between both patterns. It could be observed 
that column length reduction leads to lower resolution and conventional instrumentation was not 
adapted for transferring a method from long to short columns since selectivity modification occurred. 
The latter could be attributed to the negative impact of system dwell volume which induced a different 
gradient profile with the short column. In the configuration used in this study, Vd was experimentally 
determined (as described in [36]) at 1.3 mL. The dotted lines seen on both chromatograms illustrate 
the real gradient profile, taking into account the column dead time (t0 = V0/F) and the system dwell 
time (td = Vd/F). In the original method (t0 = 1.7 min), only the first peak was eluted under isocratic 
conditions, while in the transferred method (t0 = 0.17 min), the first six peaks were eluted in the 
isocratic portion. 
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Figure 2: Separation of a pharmaceutical formulation containing the main product (5) and 8 impurities in gradient mode with 
conventional HPLC system: (a) Column: XTerra RP18 150×4.6mm, 5µm; flow rate: 1000µL/min; injection volume: 20µL; total 
gradient time: 45 min. (b) Column: XTerra RP18 20×4.6mm, 3.5µm; flow rate: 1430µL/min; injection volume: 3µL; total gradient 
time: 4.2 min. 
 
Since the column dead time was reduced by a factor of 10, the dwell time must be proportionally 
reduced to keep the td/t0 ratio constant. For this purpose, it is mandatory to use an optimized system 
possessing a very low dwell volume. Other approaches could be applied to overcome this problem 
(i.e. isocratic hold at the beginning of the gradient, delay injection, etc… [5, 25]). 
 
4.2. Short columns packed with 3.5 µm particles on optimized system 
 
Chromatograms obtained on columns of different lengths (comprised between 50 and 20 mm) with an 
optimized instrumentation possessing an appropriate reduced dwell volume, demonstrated good 
separations (Rs always higher than 1.5) regardless of the column length, with a significant reduction of 
analysis time (i.e. Fig. 3). Experimental conditions are summarized in Table 2 and have been obtained 
according to Eqs. 8 to 13. These chromatograms were compared with the original separation reported 
in Fig. 2a. In order to evaluate the overall quality of the transferred method, analysis time must be 
considered simultaneously with sensitivity and resolution. 
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Figure 3: Separation of a pharmaceutical formulation containing the main product (5) and 8 impurities in gradient mode with 
optimized HPLC system - (a) Column: XTerra RP18 50×4.6mm, 3.5µm; flow rate: 1430µL/min; total gradient in 10.5 min; 
injection volume: 7µL. (b) Column: XTerra RP18 30×4.6mm, 3.5µm; flow rate: 1430µL/min; total gradient time: 6.3 min; injection 
volume: 4µL. (c) Column: XTerra RP18 20×4.6mm, 3.5µm; flow rate: 1430µL/min; total gradient time: 4.2 min; injection volume: 
3µL. 
 
As expected from theory, the analysis time was proportionally reduced to the column length and the 
flow rate. The original separation was performed in 45 min (gradient time of 30 min and re-equilibrating 
time of 15 min, equivalent to 10 column volumes). With a smaller column (50 mm) packed with 3.5 µm 
particles, the optimal flow rate was increased and the total analysis time, including gradient and re-
equilibrating times, was reduced to only 10 min. With the 30 and 20 mm columns packed with 3.5 µm 
particles, the total analysis time was strongly decreased to 6.3 and 4.2 min, respectively. 
However, if short columns are beneficial for decreasing the analysis time, they are detrimental in terms 
of resolution and peak capacity (see Eqs. 5 and 7) even if this loss is less important in gradient versus 
isocratic mode [30, 31]. In gradient mode, with high apparent retention factors (ke>6), peak capacity 
remains acceptable. In reported examples, peak capacity and minimal resolution were, respectively of 
120 and 3.5 for the conventional column (Fig. 2a). Both values were reduced by about 20% with a 50 
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mm column packed with 3.5 µm particles. While, with 30 and 20 mm column lengths, performance 
was reduced by 40 and 60%. However, since the minimal resolution measured with the original 
method (Rs=3.5) was high, separation remained acceptable in terms of peak capacity and resolution, 
and still allowed the separation of the nine compounds, whatever the column length. With the shortest 
column tested, peak capacity was reduced to 50 while minimal resolution was equivalent to 1.53. 
Sensitivity of the methods was also investigated, and a linear decrease was observed as a function of 
the column length, leading to a reduction of sensitivity by a factor 3 to 4. This behaviour was clearly 
due to the loss of peak capacity and therefore, to the decrease of the peak height. 
In order to summarize, the transfer of a method in gradient mode from a conventional to shorter 
columns, requires the reduction of the dwell volume (i.e. fig 2b compared to fig 3c). Therefore, the use 
of short columns is compatible in the gradient mode for reducing the analysis time [1] with an 
optimized system (Eqs. 8-13). 
 
4.3. Short columns packed with small particles 
 
To avoid the loss in peak capacity and resolution with short columns, it is necessary to simultaneously 
decrease the particle size. The theoretical peak capacity (measured in gradient mode with an 
optimized system) as a function of the column length and particle size was plotted (according to Eq. 5) 
in Fig. 4. Each point of these curves was obtained by adapting the gradient time and the flow rate to 
the column geometry, according to Eqs. 9 and 11. Three curves are presented, corresponding to the 
selected particle sizes (5, 3.5, and 1.7 µm) showing that a short column packed with 5 µm particles 
should be used only for simple separations. When column length and particle size decreased 
simultaneously (see arrows in Fig. 4), peak capacity remains constant. A 100 mm column packed with 
3.5 µm particles possesses the same peak capacity than the 50 mm column packed with 1.7 µm 
particles but the analysis time is strongly reduced with the latter.  
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Figure 4: Theoretical evolution of peak capacity as a function of column length and packing particle size – case of an initial 
gradient from 0 to 60%ACN in 30 min on a 150x4.6mm, 5µm column. Gradient duration was adapted to the column geometry, 
with equations of part. §2. ▲=particles of 5µm with a flow rate of 1mL/min; ■= particles of 3.5µm with a flow rate of 1.4mL/min; 
 = particles of 1.7µm with a flow rate of 3mL/min. 
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4.3.1. Method transfer from HPLC to UPLC 
 
The selected sample used for transferring a method performed in a conventional column toward a 
short column packed with sub-2 µm particles consisted of a drug substance with 11 related impurities 
(impurity profiling). 
The separation of the 12 compounds was originally achieved using a XBridge C18 column (150×4.6 
mm, 5 µm) and further transferred to UPLC using an Acquity BEH C18 column (50×2.1 mm, 1.7 µm). 
In this case, the transfer was purely geometrical because XBridge and Acquity BEH supports are 
based on the same stationary phase chemistry and possess the same selectivity. 
Fig. 5 presents the corresponding separations and Table 3 gives the conditions of the original HPLC 
and transferred gradient to UPLC. The original separation was performed in approximately 30 min and 
efficiently transferred to UPLC with less than 3 min of analysis time (reduction by a factor of 10). 
Sensitivity was not significantly affected between HPLC and UPLC conditions. 
 
 
Figure 5: Separation of a pharmaceutical formulation containing the main product (6) and 11 impurities in gradient mode with 
HPLC and UPLC system – (a) HPLC system; column: XBridge C18 150×4.6mm, 5µm – flow rate: 1000µL/min, injected volume: 
20µL, total gradient time: 45 minutes. (b) UPLC system; column: ACQUITY BEH C18 50×2.1mm, 1.7µm – flow rate: 610µL/min, 
injected volume: 1.4µL, total gradient time: 5.1 minutes. 
 
A 10% higher resolution was obtained with the XBridge support, compared to the Acquity BEH. Since 
resolution is the sum of three main contributions (Eq. 7: efficiency, selectivity and apparent retention), 
these parameters were evaluated independently for each set of conditions. Efficiency was evaluated 
with the peak capacity in gradient elution. In the tested conditions, peak capacity was equal to 217 
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with XBridge, and to 205 with Acquity BEH. XBridge was slightly more efficient than Acquity BEH, 
probably due to the lower contribution of extra-column effects. Few changes in overall selectivity were 
observed because both columns are packed with the similar chromatographic support. Nevertheless, 
the first eluted compounds (resolutions between pairs 3-4 and 5-6) showed differences up to 10%. 
This variability, in the first part of the chromatogram could be attributed to the dwell volume effect, as 
previously described. Finally, average retention factors (ke) were estimated for the three separations 
according to Eq. 1. Almost no variability in retention was observed which could not explain decrease in 
resolution. The latter should mainly be attributed to decrease in peak capacity. However, for early 
eluted compounds, the dwell volume could affect the separation, even if this parameter was not critical 
with an optimized instrumentation maintaining a td/t0 ratio constant. 
Another relevant advantage of fast-LC is the re-equilibrating time reduction. In HPLC (150×4.6 mm 
column at 1 mL/min), re-equilibration took about 20 min, while using a short column packed with sub-2 
µm particles (50×2.1 mm column at 613 µL/min), the re-equilibrating time decrease to only 2 min. 
 
4.3.2. Optimization of the transferred method 
 
With small particles, Knox curves are quite flat thanks to the improved mass transfer [37, 38]. For this 
reason, it is possible to work beyond the optimum velocity without a significant loss in efficiency. 
Separation performed in UPLC at a flow rate of 610 µL/min (Fig. 5b) was tested at the maximal flow 
rate (1000 µL/min). 
The chromatogram in Fig. 6a presents the separation in gradient mode not adapted to the mobile 
phase flow-rate (cf. Table 3) and therefore, a loss in resolution was observed. Separation between 
peaks 7 and 8 became critical (Rs<1.5) while the separation between peaks 10 and 11 was improved. 
Furthermore, the analysis time decrease was limited (2.5 vs. 3 min). 
For an adequate transfer, it is necessary to adapt the gradient profile and table 3 gives conditions 
when flow rate increased to 1000 µL/min (Fig. 6b). Here, no significant chromatographic changes were 
observed and an important decrease in analysis time (about 50%) from about 3 to 1.7 min was 
achieved. 
Finally, the separation of the 12 analytes was achieved 15 times faster compared to the initial 
separation (27 vs. 1.7 min), without compromising the separation quality. 
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Figure 6: Effect of a correct and incorrect gradient transfer when mobile phase flow rate was increased. (a) Incorrect conditions 
- Column: Acquity BEH C18 50×2.1mm, 1.7µm; flow rate: 1000µL/min; injected volume: 1.4µL; total gradient time: 5.1 minutes. 
(b) Correct conditions - Column: Acquity BEH C18 50×2.1mm, 1.7µm; flow rate: 1000µL/min; injected volume: 1.4µL; total 
gradient time: 3.1 minutes. 
 
5. CONCLUSION 
 
This paper describes some simple rules for transferring successfully a conventional chromatographic 
separation to a fast one with limited influence on resolution. In the case of gradient elution; injected 
volume, flow rate, isocratic step duration and gradient slope must be adapted. The presented 
methodology was applied to speed up impurity profiling in the pharmaceutical industry, following two 
strategies. 
A first approach, dealing with the use of short columns (50 to 20 mm) packed with 3.5 µm particles 
and optimized HPLC instrumentation, was applied for the separation of a pharmaceutical drug and 8 
related impurities. It was possible to reduce the analysis time from 20 min in conventional mode to 
only 2 min with a short column, with an acceptable loss in resolution.  
The second tested approach was Ultra Performance Liquid Chromatography (UPLC), where sub-2 µm 
particles were simultaneously used with very high pressures (up to 1000 bar) to maintain high 
efficiency. A complex pharmaceutical mixture was separated with conventional HPLC (column of 150 
mm length, 5 µm particles) in 30 min and obtained 9 times faster in UPLC (50 mm column, 1.7 µm 
particles) thanks to pure geometrical transfer. It was possible to further decrease analysis time (factor 
15, i.e. run time equal to 1.7min) at the maximal flow rate compatible with UPLC. However, 
chromatographic performance (peak capacity and resolution) was reduced by about 10%. It is 
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important to note that gradient conditions must be adapted when mobile phase flow rate is increased 
beyond the optimal velocity. 
 
Special attention should also be paid to the dwell volume, which represents the most detrimental 
parameter for transferring a gradient separation. It is important to simultaneously decrease the dwell 
volume with the column dead volume. 
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7. LIST OF ABBREVIATIONS 
 
symbols 
b  Gradient steepness parameter 
dc  Column internal diameter 
Dm  Diffusion coefficient of solute at very low concentration in solvent 
dp   Particle size of the support 
F  Mobile phase flow rate 
ke  “Average” or “effective” retention factor 
k0  Isocratic retention factor for an organic modifier proportion corresponding to the 
beginning of the gradient 
L  Column length 
N  Plate number 
npeaks  Peak capacity 
Rs  Resolution 
S  Characteristic constant of the solute in gradient mode (slope of the logarithmic plot: 
d(log k)/dΦ) 
t0  Column dead time 
td  System dwell time 
tgrad  Gradient time 
tiso  Initial isocratic hold 
tr  Analysis time 
u   Mobile phase linear velocity 
Vd  System dwell volume 
V0  Column dead volume 
Vinj  Injection volume 
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Greek symbols 
α0  Chromatographic selectivity at a mobile phase composition corresponding to the 
beginning of the gradient 
Φ  Mobile phase composition in gradient mode 
σ²col  Column dispersion 
σ²ext  Extra-column band broadening 
σt  Gradient peak width at half height in time units 
υ  Reduced mobile phase linear velocity 
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ABSTRACT 
 
In order to reduce the analysis time and maintain good efficiency in liquid chromatography (LC), 
several solutions are currently being investigated. The focus of this study was to compare, both 
qualitatively and quantitatively, the chromatographic performance of a conventional LC with selected 
approaches, namely monolithic supports, high temperature LC (up to 90°C), and sub-2µm particles 
combined with high pressure (up to 1000 bar).  
This comparison was achieved from a qualitative point of view with a special attention paid to analysis 
time reduction, efficiency improvement, and pressure constraint. For this purpose, the different 
approaches were discussed using Knox curves and other kinetic plots. It appeared that columns 
packed with sub-2µm particles under high pressure conditions (UPLC) were well adapted and this 
option represents an attractive alternative to conventional LC, however, the other alternative 
approaches should not be neglected. 
The quantitative evaluation of these techniques was performed on the basis of validation results for a 
pharmaceutical formulation (Rapidocaïne), following SFSTP 2003 guidelines. Fast-LC approaches 
demonstrated equivalent performance to conventional LC in terms of trueness, precision and accuracy 
profile, with a significant time reduction (up to 8×) according to the selected methodology. 
 
Keywords: UPLC, HTLC, sub-2µm, monolith, quantitative comparison, qualitative comparison, 
validation, kinetic plots. 
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1. INTRODUCTION 
 
In order to efficiently manage the large number of samples in the pharmaceutical industry, there is a 
need to develop more rapid analytical procedures for reducing response time in both qualitative and 
quantitative applications. The analytical method of choice for performing pharmacokinetic studies, 
purity assays, purity profiling, validation procedures and quality control remains liquid chromatography 
(LC) coupled with universal and/or selective detectors, such as UV and MS [1, 2]. However, 
conventional analyses usually require between 10 and 100 min, using columns of 15-25 cm length 
with 2.1-4.6 mm internal diameters (I.D.) [3]. In order to perform faster procedures while maintaining 
acceptable chromatographic performance, different strategies can be implemented and a compromise 
is necessary between flow rate, column length, resolution and backpressure [4]. Table 1 gives 
advantages and drawbacks of the selected strategies for reducing analysis time, in terms of qualitative 
considerations.  
 
Monolithic columns, consisting of a single rod of porous material possess several unique features for 
increased permeability and column efficiency [5-7]. The chromatographic performance can be 
controlled by modifying the size of mesopores and macropores [8]. Today, only one monolithic silica 
based support is commercially available from Merck® and Phenomenex® under the trade names 
Chromolith® and Onyx®, respectively. The bimodal pore structure is characterized by 2 µm 
macropores and 13 nm mesopores leading to efficiency equivalent to porous silica particles of 3 - 3.5 
µm [8]. Moreover, Tallarek et al. [9] demonstrated that monolithic silica columns exhibited similar 
permeability than a column packed with 11 µm particles. As a result, the low column back pressure 
allows the application of high flow rates, leading to faster chromatographic separations [10, 11]. Due to 
these outstanding properties, Guiochon [12] has recently stated that monolithic columns development 
is the major technological evolution since Tswett invented chromatography, a century ago. However, 
monoliths also suffer from several drawbacks, as described in Table 1. 
 
Another approach recognized as a valuable tool to decrease analysis time is High Temperature Liquid 
Chromatography (HTLC) [13-14]. Raising the temperature (from 80 to 200°C) can induce a reduction 
in the mobile phase viscosity [15], allowing the application of high flow rates with limited backpressure. 
Additionally, the optimal velocity is largely increased without impact on efficiency since compounds 
diffusion coefficients increase at high temperature [16, 17]. HTLC also possesses some advantages 
over other fast-LC techniques, summarized in Table 1. Among them, HTLC allows a significant 
decrease of the organic solvent proportion due to the mobile phase polarity decrease [18], an 
improvement of the peak shape of basic compounds [19], and changes in selectivity. The major 
constraints of this technique are related to the limited number of stable stationary phases compatible 
with an elevated temperature, the required modification of LC equipment and possible thermal 
degradation of compounds [20, 21]. 
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Table 1: Comparison of selected fast chromatographic approaches 
Approaches Advantages Limitations 
Low back pressure - possibility to obtain 
high efficiency with Lcol>1meter Not straightforward method transfer 
Compatible with conventional instruments Low resistance at high pH (pH>7) and high pressure (>200 bar) Monoliths 
Several monoliths available: organic and 
inorganic (carbon, zirconia, silica…) 
Narrow bore column not yet available (high 
solvent consumption, split with MS) 
Low back pressure - possibility to obtain 
high efficiency with Lcol>1meter 
Heating and cooling requirements 
(dedicated system) 
Green chemistry (low organic modifier 
proportion at high Temperature) Stability of stationary phases 
Peak shape improvement of basic 
compounds (pKa modification) 
Compound stability needs to be evaluated 
prior to analysis 
Temperature is an additional parameter 
for method development 
Not straightforward method transfer 
(selectivity changes with T°) 
High Temperature Liquid 
Chromatography (HTLC) 
Possibility to couple HTLC with other fast-
LC approaches (sub-2µm, UPLC)   
Significant decrease in analysis time (up 
to 10 times) 
High back pressure with small dp - limited 
efficiency 
Easy method transfer  Limited compatibility with conventional instrumentation (σ²ext) Sub-2µm particles 
Many commercially available sub-2µm 
particles (C4, C8, C18, HILIC…)   
Large decrease in analysis time (up to 
20×) Few availability of stable stationary phases 
Possibility to obtain high efficiency with 
Lcol ≥ 15cm Dedicated instrumentation needed 
Sub-2µm particles  
at 1000 bar (UPLC) 
Easy method transfer  Solvent compressibility and frictional heating could exist at ∆P=1000bar 
 
As demonstrated by Knox, Giddings and other authors [22-25], small particle diameters induce an 
increase in efficiency, optimal velocity and mass transfer. Therefore, fast separations can be 
performed with relatively short columns [26]. However, only since 2004 [27], columns packed with sub-
2µm porous particles are commercially available [28] and yield reliable performance [29, 30]. The use 
of columns packed with sub-2µm particles while operating at high pressures [31], was developed ten 
years ago by Jorgenson et al. [32, 33] and Lee et al. [34, 35]. This strategy allows a significant 
decrease (up to 20×) in analysis time because the latter is directly proportional to the maximal system 
backpressure, as demonstrated elsewhere [31]. Today, numerous manufacturers commercialize 
analytical devices able to handle pressure higher than 400 bar, such as the UPLC®, for Ultra 
Performance Liquid Chromatography [36, 37]. Columns compatible with extreme pressures are 
commercially available. The packing material is a bridged ethyl hybrid (BEH) technology which 
improves mechanical resistance. Advantages and limitations of UPLC are discussed in Table 1. 
 
From a quantitative point of view, fast-LC approaches have not been extensively investigated and only 
few papers described the quantitative performance of these techniques. Monolithic supports were 
compared to conventional columns and exhibited equivalent quantitative features for accuracy, 
precision, sensitivity and chromatographic separation. It was concluded that monolithic supports were 
suitable for routine use with an increase in the sample throughput by a factor of 2-4, depending on the 
application [38-42]. However, due to the limited compatibility of mass spectrometry with mobile phase 
flow rates and the large consumption of organic solvent, the use of monoliths in the conventional 4.6 
mm I.D. format remains undesirable for the pharmaceutical industry [40]. 
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Shen et al. demonstrated the successful development and validation of a UPLC method for a bio-
analytical application [43]. The run time was reduced to only two minutes with reliable accuracy, 
precision and limits of quantification.  
 
In this paper, a qualitative comparison was initially performed between conventional LC and four 
selected fast-LC approaches. Chromatographic performance was evaluated with a mixture of 
parabens in terms of analysis time reduction, efficiency improvements, and pressure constraints, on 
the basis of kinetic plots and Knox curves. The second part of this work was dedicated to the 
comparison of the quantitative performance of conventional and fast-LC techniques. For this purpose, 
a validated method was selected for the analysis of a pharmaceutical formulation (Rapidocaïne) and a 
methodology based on accuracy profiling according to the recent SFSTP guidelines [44] was applied. 
 
2. EXPERIMENTAL 
 
Table 2 summarizes the experimental conditions such as the chromatographic system, stationary 
phase, buffer, mobile phase composition and flow rate. 
 
Table 2: Chromatographic conditions of the 5 sets of experiments 
 Conventional Monolith HTLC Sub-2µm 400bar UPLC 
System used HPLC HPLC Hybrid system UPLC UPLC 
Column XTERRA  RP18          150x4.6mm,5µm 
Chromolith               
100 x 4.6mm 
Zorbax SB            
150x4.6mm,5µm 
Hypersil GOLD             
50x2.1mm,1.9µm 
Acquity SHIELD 
50x2.1mm,1.7µm 
Flow rate 1 mL/min 5 mL/min 4 mL/min 600 µL/min 1 mL/min 
T° 30°C 30°C 90°C 30°C 30°C 
Mobile phase 40% ACN 32% ACN 31% ACN 40% ACN 40% ACN 
Buffer Ammonium Phosphate 
Ammonium 
Acetate 
Ammonium 
Acetate 
Ammonium 
Phosphate 
Ammonium 
Phosphate 
pH 7.4 6 5 7 7.2 
Mobile phase 
viscosity (cp) 0.85 0.88 0.42 0.85 0.85 
Wavelength 230 nm 230 nm 230 nm 230 nm 230 nm 
Acquisition rate 5 Hz 20 Hz 20 Hz 40 Hz 40 Hz 
 
2.1. Apparatus 
 
Three different systems were used: 
 
Conventional LC:  
Separations with conventional and monolithic supports were performed with a Merck LaChrom system 
(Merck, Darmstadt, Germany) constituted of L-7100 programmable pumps, a L-7200 autosampler with 
a 100 µL loop (10 µL injected), a L-7614 on-line degasser, a L-4250 UV-VIS programmable detector 
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and a column oven. The UV-VIS detector contained a 14 µL standard flow cell, the time constant was 
set at 0.1 s (lowest value) and data sampling rates was 5 Hz for conventional LC and 20 Hz for 
monolithic supports (highest value). Data acquisition, data handling and instrument control were 
performed with the D-7000 HPLC System Manager Software.  
 
UPLC: 
Separations with sub-2µm supports were performed on the Waters® Acquity UPLC system (Waters, 
Milford, MA, USA). This instrument included a binary solvent manager with a maximum flow rate of 2 
mL/min, an autosampler with a 2 µL loop, a UV-VIS programmable detector and a column oven set at 
30°C. The UV-VIS detector contained a 500 nL flow c ell, the time constant was set at 25 ms and data 
sampling at 40 Hz. Data acquisition, data handling and instrument control were performed by 
EmpowerTM Software.  
 
High Temperature Liquid Chromatography (HTLC): 
Experimental data reported in HTLC were generated using the modified Merck LaChrom apparatus 
mentioned above. A Metalox 200C system (Zirchrom Technology, Anoka, MN, USA) was used as “all-
in-one device for HTLC” and contained a preheating module, a cooling unit and a column oven. This 
system also included a backpressure regulator to maintain the mobile phase in a liquid state even at 
high temperatures. Detection was performed with an Agilent 1100 series G1315C UV-DAD detector 
(Vcell=13µL) set with a peak width of “<0.01” (20 Hz acquisition rate and 100 ms time constant). Data 
acquisition was realized with the Agilent Chemstation v. B01.03. 
 
2.2. Chemicals and Columns 
 
Compounds used for qualitative comparison were methylparaben, ethylparaben, propylparaben, and 
butylparaben from Sigma-Aldrich (Steinheim, Germany). For the sake of simplicity, only the results 
obtained with butylparaben are discussed throughout this paper. 
The quantitative comparison was performed with a pharmaceutical formulation, Rapidocaïne 0.5%, 
provided by Sintetica SA (Mendrisio, Switzerland). Rapidocaïne is a pharmaceutical formulation 
commonly used as a local anaesthetic. The active ingredient is lidocaïne hydrochloride, a basic drug 
with a pKa of approximately 8 and a log P of about 2.36 (calculated using Advanced Chemistry 
Development (ACD/Labs) Software V8.14 for Solaris (1994-2006 ACD/Labs)). Lidocaine hydrochloride 
was obtained from Sigma-Aldrich (Steinheim, Germany) and 2,6-dimethylaniline from Fluka (Buchs, 
Switzerland). Acetonitrile was of HPLC gradient grade from Panreac Quimica (Barcelona, Spain). 
Water was obtained from a Milli-Q Waters Purification System from Millipore (Bedford, MA, USA). 
Aqueous phosphate buffers 50 mM at pH 7.0, 7.2 and 7.4 were prepared with an adapted quantity of 
anhydrous di-potassium hydrogen phosphate (Fluka, Buchs, Switzerland) and potassium dihydrogen 
phosphate (Fluka, Buchs, Switzerland). The aqueous acetate buffer consisted of a 50 mM ammonium 
acetate solution (Fluka, Buchs, Switzerland) adjusted to pH 5 or 6 with ammonia. Buffer solutions were 
prepared using the Phoebus software 1.0 (Analis, Namur, Belgium) and pH was measured with a 
Metrohm pH meter (Herisau, Switzerland).  
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A list of the columns used in this study is given in Table 2. Briefly, chromatographic columns used for 
conventional LC and UPLC at 1000 bar experiments were provided by Waters (Milford, MA, USA), 
columns packed with sub-2µm particles limited to 400 bar from Thermo Electron (Runcorn, UK), 
columns compatible with HTLC experiments from Agilent Technologies (Waldbronn, Germany) and 
monolithic columns were purchased from Merck (Darmstadt, Germany). 
 
2.3. Validation methodology  
 
2.3.1 Standard solutions 
 
Two types of standards were independently prepared: calibration standards (CAL) and reconstituted 
dosage formulation (RDF) of Rapidocaïne. 
Solutions used for calibration were exempt of preservatives or potential impurities and contained 
known concentrations of the analyte of interest (lidocaïne hydrochloride). Two calibration standards, at 
a concentration of 0.5 mg/mL, were independently prepared by an appropriate dilution of a methanolic 
stock standard solution with pure water.  
As reported in ICH guidelines (Q2A, Q2B) [53, 54], three concentrations of lidocaïne hydrochloride 
were selected for preparing RDF standards, corresponding to low (80%), target (100%) and high 
(120%) concentrations relative to the commercial solution. Preservatives (methylparaben and 
propylparaben) were added at a concentration of 0.08 mg/mL and 0.01 mg/mL, respectively, as well 
as a low amount of degradation product (2,6-dimethylaniline) at 0.005 mg/mL. Method selectivity was 
evaluated with a blank solution containing parabens and 2,6 dimethylaniline. 
 
2.3.2 Method validation 
 
The LC and fast-LC methods developed for the quantitative determination of Rapidocaïne formulation 
were validated in terms of selectivity, trueness, precision and accuracy. For the latter, the concept of 
accuracy profile introduced by Hubert et al. [45] and Boulanger et al. [46] was used according to 
SFSTP 2003 [44]. The strategy usually performed for the validation of an analytical method is based 
on acceptance criteria, considering an estimation of the observed bias and variance. Validation 
consists of repetitive analysis of a series of 14 experiments per day including a system suitability test 
(SST), 2 blanks, 2 CAL prepared independently and three independent preparations of RDF 80, RDF 
100 and RDF 120%. Three days of analysis were assessed to determine the intra- and inter-day 
variations on the basis of peak area measurements. In a first instance, trueness (bias) and precision 
(standard deviation) were assessed independently, accuracy was then considered using the general 
requirements for pharmaceutical formulations (± 5%). The same validation procedure was performed 
in conventional and fast-LC using identical samples. This procedure allowed the evaluation of the 
method variability without taking into account sample preparation uncertainty.  
 
157 
___________________________________________________________________ 
3. RESULTS AND DISCUSSION 
 
3.1. Conventional LC development and validation  
 
3.1.1 Method development 
 
Rapidocaïne is a pharmaceutical formulation commonly used as a local anaesthetic. A simple method 
was initially developed on a conventional column for the separation of this active compound, its 
preservatives (methyl- and propylparaben) and a potential impurity (2,6-dimethylaniline). Optimal 
analytical conditions are given in Table 2 with a mobile phase containing 40% acetonitrile and 60% 
ammonium phosphate buffer 50 mM, pH 7.4. Under these conditions, a separation was obtained with 
good peak efficiency for lidocaïne (asymmetry equal to 0.98), a sufficient retention factor to avoid any 
contribution of extra-column band broadening (k>3) with satisfactory selectivity and resolution (Rsmin 
equal to 4.8). The analysis time was less than 10 minutes and considered acceptable for conventional 
LC analysis.  
 
3.1.2 Method validation 
 
According to SFSTP 2003 [44], selectivity of an analytical procedure is its ability to unequivocally 
assess the analyte in the presence of other components. The method selectivity was checked by 
comparing typical chromatograms obtained by injecting a blank solution, a standard solution 
containing preservatives and impurity, and a diluted standard solution of lidocaïne. As illustrated in Fig. 
1, no interference peaks were observed from the excipients at the retention time corresponding to the 
investigated substance. 
 
Figure 1: Chromatogram of a reconstituted Rapidocaïne formulation (RDF 100%) obtained in conventional LC with Xterra RP18 
150x4.6 mm, 5 µm at 30°C, λ=230 nm, with a flow rate of 1 mL/min. The isocratic mobile phase composition was: 40% ACN / 
60% ammonium phosphate pH 7.4 (v/v). Elution order: 1: methylparaben, 2: 2,6-dimethylaniline, 3: propylparaben, 4: lidocaïne 
hydrochloride. 
 
According to our previous experiences in the analysis of pharmaceutical formulations (simple matrix 
composition) by conventional LC-UV, the simple regression model using only two calibration standards 
at the expected concentration level of lidocaïne hydrochloride (100% - CAL) was selected as a 
158 
___________________________________________________________________ 
calibration model. This can be attributed to the simple matrix composition and the Beer-Lambert linear 
relationship between the analyte signal and its concentration.  
 
RDF standards were prepared for the evaluation of several criteria such as the precision (repeatability 
and intermediate precision), trueness and accuracy at each concentration level. Results are presented 
in Table 4. According to regulatory requirements, trueness expressed in terms of relative bias or 
recoveries (%) was considered as acceptable for the formulation, since the bias did not exceed the 
value of ±2%. The precision represents the distribution of random errors and was evaluated by 
repeatability and intermediate precision (%RSD). As shown in Table 4, relative standard deviation 
values never exceeded 1% for both precision parameters. These results met the acceptance criteria 
and confirmed the good precision of the conventional LC method. Finally as shown in Fig. 2, the 
accuracy profile (which takes into account the total error, i.e. systematic and random errors) was 
inside the acceptance limits of ±5% (95-105% of the targeted concentration). Therefore, the 
quantitative aspects of the conventional LC technique fulfilled all criteria for a routine application. 
 
Figure 2: Accuracy profile from the validation of Rapidocaïne under conventional LC conditions (Xterra RP18 150x4.6 mm, 5 
µm), using a simple linear regression model. Acceptance limits were indicated at 95% and 105%. 
 
3.2. Qualitative comparison of fast-LC approaches 
 
The qualitative comparison of various chromatographic techniques is not straightforward. Knox curves 
(H=f(u) or h=f(υ)) are easy to interpret and traditionally used to determine kinetic parameters, however, 
these plots do not take into account flow resistance effect, proportional to permeability. Alternatively, 
“Kinetic plots” first introduced in 1965 by Giddings [47], were developed to compare the performance 
limits of LC and GC in terms of analysis time and efficiency. Several authors have further contributed 
to the development of this strategy to better evaluate the chromatographic performance [4, 22, 25, 48]. 
The main problem afforded by these methods was the complex construction methodology based on a 
numerical iteration procedure. Recently Desmet et al. have described a new and simplified approach, 
with improved presentation for comparing results [30, 49]. For this purpose, experimental Knox data 
(u, H) and permeability values (KV0) are transformed into extrapolated plots of analysis time vs. 
efficiency. Only two equations are necessary for this transformation and are given below: 
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Where, N is the efficiency, t0, the column dead time, u0, the mobile phase velocity and H, the plate 
height. Both equations use a scaling value for the pressure drop ∆P and the viscosity η. In this study, 
viscosity values were determined using an empirical model previously published [14] and according to 
the mobile phase composition and temperature. Viscosity values have been reported in Table 2. In this 
representation, each data point represents a column that differs in length (i.e. a length that yields the 
maximal system pressure drop). In this work, kinetic plots were drawn on the basis of Desmet et al. 
publications [39, 40] using a free Excel spreadsheet [50]. Kinetic plots were built for butylparaben 
because results can be directly extrapolated to Rapidocaïne formulation since both molecular weights 
(MW) and diffusion coefficients (Dm) could be considered equivalents (150<MW<250). Plots are given 
in Figs 3, 4, 5 and 7. 
 
3.2.1 Effect of particle size and maximal system pressure on chromatographic performance 
 
Fig. 3 depicts kinetic plots calculated with experimental data for different particle sizes between 1.7 
and 5 µm with two pressure limitations; 400 and 1000 bar. Observed plots were obtained with XTerra 
RP18 5 µm and 3.5 µm, up to 400 bar and for Acquity Shield 1.7 µm, up to 1000 bar. Data were 
recalculated by changing ∆Pmax in Eqs. 1 and 2 to a larger inlet pressure (i.e. 1000 bar) with 5 and 3.5 
µm particles and to a lower pressure with 1.7µm (i.e. 400 bar). Data represented with full symbols 
were obtained with a pressure of 400 bar while open symbols corresponded to a maximal pressure of 
1000 bar.  
 
Figure 3: Effect of decreasing particle size and increasing system backpressure on chromatographic performance of the LC 
system, using kinetic plot representation: t0/N²=f(N) for butylparaben. : Conventional LC with Xterra RP18, 5 µm and ∆Pmax=400 
bar; : Conventional LC with Xterra RP18, 3.5 µm and ∆Pmax=400 bar; fast-LC with Acquity Shield C18, 1.7 µm and ∆Pmax=400 
bar; : UPLC with Acquity Shield C18, 1.7 µm at 1000 bar. Open symbols correspond to the same conditions with a system 
backpressure limitation fixed at 1000 bar. 
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It has to be noted that Acquity and XTerra columns were selected because they are extremely closed 
from a thermodynamic (retention and selectivity) point of view. However, both chemistries were not 
equivalent and regarding the kinetic performance depicted by Fig. 3, Acquity column was always 
better (independently on the particle size) than XTerra. Separation impedance calculated 
experimentally was about 30% higher with the latter.  
As indicated in Fig. 3, the maximal achievable efficiency was enhanced by a factor directly 
proportional to the pressure increase (i.e. factor 2.5 – arrow 1).  For example,  
in the case of 3.5 µm particles, the maximum efficiency increased from 80’000 to 200’000 plates at 
pressures of 400 and 1000 bar, respectively. When particle sizes increased from 1.7 to 5 µm, the 
highest efficiency was also improved, as indicated by arrow 1 (e.g. the maximum efficiency reachable 
at 400 bar increased from 40’000 plates, up to 250’000 plates). At a pressure up to 1000 bar, 700’000 
plates could even be achieved with 5 µm particles, but the column length should be longer than 10 m 
and the flow rate as low as 1 µL/min with a 2.1mm column, leading to an unacceptable analysis time 
(> 1 day) and sensitivity. Considering the usual constraints on column length (< 50 cm) and analysis 
time (< 2 hours), experiments must be performed in the right side of kinetic plots (corresponding to the 
C-term region of the Knox curve). According to the maximal pressure applied (i.e. 400 or 1000 bar), 
and the constraints on column length and analysis time described above, 5 µm particles provided only 
20’000 to 30’000 plates whereas columns packed with 1.7 µm particles offered significantly higher 
efficiency (40’000 and 80’000 plates, respectively). As demonstrated elsewhere [51], an efficiency of 
75’000 plates was experimentally obtained with sub-2 µm particles at 1000 bar in less than one hour.  
 
As shown in Fig. 3 (arrow 2), the use of sub-2 µm particles at 400 or 1000 bar yields significant 
improvement in term of analysis time over conventional LC systems. The column dead time was 
reduced by a factor 8 (80 vs. 10 seconds) in going from 5 to 1.7 µm particle size (for the same 
efficiency). The latter represents the best solution in term of analysis time for efficiency value below 
35’000 plates (arrow 3) with a backpressure limitation fixed at 400 bar. At higher pressure (1000 bar), 
1.7 µm remained the best solution for efficiency below 90’000 plates (arrow 4). Therefore, for a 
reasonable range of efficiency (lower than 100’000 plates), sub-2 µm particles combined with high 
pressure demonstrated the best compromise in terms of increased speed versus pressure cost over 
the traditional 3.5 and 5 µm particles. 
 
3.2.2 Effect of temperature on chromatographic performance 
 
Fig. 4 presents the impact of changing temperature on different chromatographic parameters such as 
analysis time, efficiency and pressure drop. The scaling value (∆Pmax) was set to 350 bar, since the 
set-up used for HTLC experiments included additional tubings for mobile phase preheating and 
cooling. According to the literature [14], viscosity values (η) were set to 0.85, 0.58, 0.42, and 0.32 cp 
for 30, 60, 90, and 120°C, respectively. Experiment al Knox data (u, H) and permeability values (KV0) 
were obtained at each temperature with a Zorbax SB C18, 5µm chromatographic support. 
161 
___________________________________________________________________ 
 
Figure 4: Effect of mobile phase temperature increase on chromatographic performance of the LC system, represented by 
kinetic plots (t0/N²=f(N)) for butylparaben. Experimental data used for these plots were obtained on Zorbax Stable Bond 150x4.6 
mm, 5 µm with the chromatographic system containing preheating and cooling device. : Mobile phase temperature: 30°C ; : 
Mobile phase temperature: 60°C ;   Mobile phase temperature: 90°C ; : Mobile phase temperature: 120°C. 
 
The maximal efficiency increased with lower temperatures as indicated by the arrow 1: Nmax=180’000 
plates at 120°C and up to 400’000 plates at 30°C. T his behaviour is explained by the proportionality 
between B term of the Knox curve and mobile phase diffusion coefficient. Since Dm increases with 
temperature, B term becomes also significantly higher (2.8 at 30°C vs. 12.6 at 120°C) and explains the 
lack of interest to work in the B-term region, with longer columns at higher temperature. However, as 
previously described, these values of Nmax could not be reached with regular experimental conditions 
(prohibitive column lengths and analysis times). The arrow 2 indicated that for an efficiency included 
between 10’000 and 100’000 plates, the lowest analysis time was obtained with the highest 
investigated temperature (120°C). Additionally, for  a given analysis time tr (which is function of the 
column dead time, t0), the separation performed at elevated temperature showed higher efficiency. For 
example with a t0=100 s (arrow 3), the efficiency raised from 3’300 at 30°C to 12’000 at 120°C. In the 
investigated range, the impact of temperature on chromatographic performance was found to be less 
important than a reduction in particle size or an increase in pressure. Nevertheless, elevated 
temperature LC represents an interesting alternative for improving analysis time and efficiency. 
 
3.2.3 Comparison of fast LC techniques 
 
The selected fast-LC techniques (HTLC with 5µm, monoliths, sub-2µm particles at 400 and 1000 bar) 
were qualitatively compared to conventional LC on the basis of Knox curves, pressure plots and 
kinetic plots. For each approach, a set of experimental data (u, H, ∆P) was obtained from the lowest to 
the highest pressure limited value. 
Fig. 5 depicts the performance of conventional and fast-LC approaches in terms of analysis time and 
efficiency, based on Knox curves. For all fast-LC techniques, a significant improvement in efficiency 
was observed. This gain was about 20% for monoliths and HTLC with 5µm particles and about 50-
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60% for both sub-2µm approaches. The optimal mobile phase velocity (uopt) for conventional LC was 
established at 0.7 mm/s, at 1 mm/s for monoliths and at 3 mm/s for HTLC at 90°C. The most 
significant improvement of optimal velocity was obtained for sub-2µm particles with values in the range 
of 3 to 5 mm/s. On the other hand, these supports exhibited significant backpressure (data not shown), 
according to Darcy’s law:  
2
pd
LuP ηφ∆ =            (3) 
Where, L is the column length, u is the average mobile phase velocity, η is the mobile phase viscosity, 
Ф is the flow resistance, and dp is the particle size. 
 
Figure 5: Comparison of conventional LC with several fast-LC approaches in terms of efficiency and speed of analysis, using 
Knox curves H=f(u) for butylparaben: : Conventional LC with Xterra RP18 150x4.6 mm, 5 µm , : monolithic support with 
Chromolith C18 100x4.6 mm, : HTLC with Zorbax Stable Bond C18 150x4.6 mm, 5 µm at 90°C, : sub-2µm at 400 bar, with 
Hypersil GOLD C18 50x2.1 mm, 1.9 µm, : UPLC at 1000 bar with Acquity Shield C18 50x2.1 mm, 1.7 µm. 
 
Monoliths and HTLC displayed the lowest backpressure among the fast LC approaches. For 
monoliths, this behaviour was well described in the literature [8, 9] and attributed to its bimodal 
structure (macropores/mesopores) and to the resulting low flow resistance contribution (Φ). For HTLC, 
it was due to the decrease of mobile phase viscosity η with temperature. In spite of a short column 
length (50 mm), sub-2 µm particles demonstrated high ∆P values. Of note, the 1.9 µm particles gave 
lower backpressures than 1.7 µm particles due to a higher dp value and a better Φ, as reported 
elsewhere [29]. 
As shown in Fig. 6, kinetic plots confirmed that the Hypersil GOLD, 1.9µm at 400 bar gave excellent 
results in terms of analysis time, for an efficiency value comprised between 1’000 and 10’000 plates 
(arrow 1). However, this support was not adapted to achieve very high efficiency and a maximal 
number of plates of 45’000 could be obtained, as indicated by the arrow 2.  
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Figure 6: Comparison of conventional LC with fast-LC approaches, using kinetic plots (t0/N²=f(N)), for butylparaben. : 
Conventional LC with Xterra RP18 150x4.6 mm, 5 µm , : monolithic support with Chromolith C18 100x4.6 mm, : HTLC with 
Zorbax Stable Bond C18 150x4.6 mm, 5 µm at 90°C, : sub-2µm at 400 bar, with Hypersil GOLD C18 50x2.1 mm, 1.9 µm, : 
UPLC at 1000 bar with Acquity Shield C18 50x2.1 mm, 1.7 µm. 
 
For an efficiency range comprised between 10’000 (arrow 1) and 70’000 plates (arrow 3), the best 
solution in term of analysis time remained the 1.7 µm particles at 1000 bar (UPLC). For attaining 
efficiencies higher than 70’000 plates (arrow 3), HTLC is definitely a better approach than UPLC. 
Nevertheless, UPLC at high temperature could be interesting for improving efficiency and is currently 
under evaluation in our laboratory. Finally, monolithic supports gave longer analysis time for a given 
efficiency than other fast-LC approaches, however, they are easily implemented with a classical LC 
instrumentation. 
 
3.3. Quantitative comparison – validation procedure  
 
The original method developed in conventional LC (see §3.1.1) was transferred to fast-LC procedures. 
Due to the limited number of compounds present in the pharmaceutical formulation, a relatively low 
efficiency was necessary to obtain a complete resolution of all chromatographic peaks. Therefore, flow 
rates could be adjusted at higher values than the optimal value as shown in Fig. 5. The arrows in Fig. 
5 presented the selected flow rate for each fast-LC approach. With sub-2µm particles, experiments 
were performed at the maximal pressure value. For HTLC and monoliths, analyses were carried out at 
the maximal long term delivery flow rate for routine analysis (4 and 5 ml/min, respectively). In all 
cases, the loss in efficiency was considered as acceptable, considering the important reduction in 
analysis time.  
 
The fast-LC approaches were adapted to the analysis of Rapidocaïne formulation and fully validated 
according to SFSTP 2003 guidelines (see §3.1.2). Quantitative comparison between conventional and 
fast procedures was achieved in terms of selectivity, trueness, precision and with the help of the 
accuracy profile.  
164 
___________________________________________________________________ 
3.3.1 Method transfer and selectivity 
 
Acceptable results were obtained for the separation of the active compound, its potential impurity and 
preservatives with all fast-LC approaches tested. Optimal analytical conditions are given in Table 2 
and corresponding chromatograms are shown in Figs. 7a to 7d. 
 
 
 
 
Figure 7: Chromatogram of a reconstituted Rapidocaïne formulation (RDF 100%) obtained in several fast-LC techniques, at 
λ=230nm. (a) Monolith: Chromolith 100x4.6 mm, T=30°C , F=5 mL/min, and isocratic mobile phase composition: 32% ACN / 
68% ammonium acetate pH 6. Elution order: 1: methylparaben, 2: lidocaïne hydrochloride, 3: 2,6-dimethylaniline, 4: 
propylparaben. (b) HTLC: Zorbax Stable Bond 150x4.6 mm, 5 µm, T=90°C, F=4 mL/min, and isocratic mobile  phase 
composition: 31% ACN / 69% ammonium acetate pH 5. Elution order: 1: methylparaben, 2: 2,6-dimethylaniline, 3: 
propylparaben, 4: lidocaïne hydrochloride. (c) Sub-2µm at 400 bar: Hypersil GOLD 50x2.1 mm, 1.9 µm, T=30°C, F=600 µL/min, 
and isocratic mobile phase composition: 40% ACN / 60% ammonium phosphate pH 7. Elution order: 1: methylparaben, 2: 2,6-
dimethylaniline, 3: propylparaben, 4: lidocaïne hydrochloride. (d) UPLC at 1000 bar: Acquity Shield 50x2.1 mm, 1.7 µm, 
T=30°C, F=1 mL/min, and isocratic mobile phase comp osition: 40% ACN / 60% ammonium acetate pH 7.2. Elution order: 1: 
methylparaben, 2: 2,6-dimethylaniline, 3: propylparaben, 4: lidocaïne hydrochloride. 
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With monoliths (Fig. 7a), original mobile phase conditions were modified to a pH of 6 because of the 
low chemical resistance of the support at pH>7.0. Moreover, a lower amount of organic modifier was 
necessary due to the lower retention of lidocaïne, which was highly protonated at pH 6. In these 
conditions, lidocaïne hydrochloride was eluted earlier and resolution of all the analytes remained 
satisfactory. However, significant fronting was observed (asymmetry was reduced from 0.98 to 0.76) 
as indicated in Table 3 and efficiency reduced by a factor 2 compared to conventional LC conditions 
(about 4300 plates). This was attributed to the highest applied flow rate and the relatively low retention 
factor (k=2.1) of lidocaïne (influence of extra-column volume effects). However, in these conditions, 
method selectivity and efficiency was estimated as satisfactory and the analysis time was reduced by 
a factor of 5 (proportional to flow rate increase).  
 
Table 3: Qualitative results 
 
 
 
 
 
 
 
For HTLC experiments at 90°C (Fig. 7b), the flow ra te was set to 4 mL/min. A reduction of the organic 
modifier proportion (from 40 to 31% ACN at 90°C) wa s mandatory since the high temperature led to a 
decrease in mobile phase polarity. Moreover, due to the modification in the analyte ionization (1 pKa 
unit decrease each 30°C) [19], a pH of 5 was select ed. Under these conditions, efficiency, asymmetry, 
retention factor and resolution (Table 3) were satisfactory. 
Separations obtained on columns packed with sub-2µm particles are given in Fig. 7c and 7d. The flow 
rate was increased to its maximal value with sub-2µm particles, i.e. 600 µL/min at 400 bar and 1000 
µL/min at 1000 bar. Mobile phase composition was kept equivalent to conventional LC (40% 
ACN/60% phosphate buffer) and only small changes to pH were applied to obtain similar selectivity in 
the cases of different stationary phases. This minor change improved resolution for sub-2µm particles 
at 400 bar (Rs = 9.2 vs. ≈5) while a reasonable loss in efficiency (lower than 30%) was observed, 
compared to conventional LC. In both cases, separations were acceptable for quantitative 
determination. According to the column dead time reduction, the same analysis profile was achieved 
up to 12 times faster at 1000 bar, compared to conventional LC.  
 
Selectivity for all fast-LC approaches was thus assessed to be sufficient since no peak or no 
interference from excipients was observed at the retention time corresponding to the investigated 
substance. 
 
 
Convent. Monolith HTLC Sub-2µm   400bar UPLC 
Analysis time (min) 8.5 1.4 2.3 1.35 0.75 
Retention time lidocaïne (min) 7.72 0.7 2.1 1.25 0.65 
Retention factor lidocaïne (k) 3.5 2.1 3.8 5.2 4.4 
Lidocaïne Efficiency 10900 4300 9200 8800 7700 
Lidocaïne asymmetry 0.98 0.76 1.12 0.92 0.87 
Minimal resolution Lidocaïne - nearest peak 4.8 3.1 5.9 9.2 4.4 
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3.3.2 Trueness  
 
The trueness of an analytical procedure expresses the closeness of agreement between the mean 
value obtained from a series of measurements and the value which is accepted either as a 
conventional true value or an accepted reference value [44]. It is generally expressed in terms of 
recovery and should lie within ±2% for a pharmaceutical formulation. Recovery values have been 
estimated by comparing the real concentration injected and the concentration recalculated from peak 
area, using the calibration curve (obtained with standards). 
Trueness results obtained for the 5 tested methods are given in Table 4. Recovery values were within 
the range 99.2%-101.3% and all methods were in agreement with the regulatory limitations. 
 
Table 4: Quantitative results of the validation 
  
conventional monolith HTLC Sub-2µm 400bar UPLC 
80% 100.1% 99.6% 101.3% 99.0% 100.4% 
100% 99.2% 99.4% 100.7% 99.2% 99.5% 
120% 99.7% 99.5% 100.7% 99.5% 100.0% Ac
cu
ra
cy
 
acceptable values for accuracy: 98 - 102% 
80% 0.8% 0.9% 0.6% 0.8% 0.7% 
100% 1% 0.8% 1.2% 0.9% 1.2% 
120% 0.7% 1.0% 0.7% 0.9% 0.8% R
SD
 
re
pe
at
ab
ili
ty
 
acceptable values for repeatability: 0.5 - 1% 
80% 0.8% 1.2% 0.9% 0.9% 0.9% 
100% 1% 1.7% 1.6% 0.9% 1.2% 
120% 0.7% 1.1% 0.7% 0.9% 0.9% R
SD
 
in
te
rm
ed
ia
te
 
pr
ec
is
io
n
 
acceptable values for intermediate precision: 1 - 2% 
 
 
3.3.3 Precision of the method 
 
The precision of an analytical procedure expresses the agreement (dispersion level, relative standard 
deviation) between a series of measurements obtained from multiple samplings of the same 
homogeneous sample (independent trials) [44]. It gives information on random errors and can be 
evaluated in terms of repeatability or intermediate precision. Limits for both parameters were 
respectively set to 1 and 2%. Table 4 summarizes the results obtained for precision of the method in 
conventional LC and fast-LC approaches. Acceptable values were seen for the fast LC methods with 
only two values superiors to the expected limits in repeatability. However for intermediate precision, all 
values fulfilled the criteria.  
 
3.3.4 Accuracy profiles 
 
The accuracy of an analytical procedure expresses the agreement between the experimental and the 
conventional true value or an accepted reference value. Accuracy represents the sum of systematic 
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(trueness) and random errors (precision) and therefore expresses the total error linked to the result 
[44]. For a pharmaceutical formulation, acceptable limits were fixed at ±5%. As demonstrated in Fig. 8, 
accuracy profiles obtained with fast-LC approaches were included in the limits represented by the 
confidence intervals (95% and 105%). Therefore, quantitative performance of all tested fast-LC 
methods was similar and comparable with conventional LC. 
 
Figure 8: Accuracy profile from the validation of Rapidocaïne in fast-LC conditions, using a simple linear regression model. 
Acceptance limits were indicated at 95% and 105%. (a) Monolith with Chromolith 100x4.6 mm at 5 mL/min; (b) HTLC on Zorbax 
Stable Bond 150x4.6 mm, 5 µm, T=90°C, F=4 mL/min; ( c) Sub-2µm at 400 bar with Hypersil GOLD 50x2.1 mm, 1.9 µm at 
F=600 µL/min; (d) UPLC at 1000 bar with Acquity Shield 50x2.1 mm, 1.7 µm, F=1 mL/min. 
 
Consequently, with fast-LC approaches, it is possible to significantly decrease the time necessary for 
validation and routine procedures. A total of 140 minutes were necessary for performing one day of 
validation in conventional LC, while HTLC, monoliths and sub-2 µm particles at high pressures gave 
corresponding analysis times decreased by 3, 4 and up to 8 times, respectively. 
  
4. CONCLUSION 
 
In order to reduce the analysis time and maintain good efficiency in LC, several approaches can be 
taken (HTLC, monoliths, sub-2µm particles, UPLC). These techniques were qualitatively and 
quantitatively evaluated and compared to conventional LC. 
From a qualitative point of view, sub-2µm particles appeared as the best solution to reduce the 
analysis time with a number of theoretical plates between 1’000 and 10’000. For higher efficiency, it is 
necessary to overcome the system pressure limitation of conventional instrumentation and better 
results were obtained at 1000 bar. HTLC and monolithic supports present also good alternatives to 
decrease analysis time.  
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All these fast-LC methods were found to be equivalent to conventional LC from a quantitative point of 
view in terms of trueness, precision and accuracy for the routine determination of lidocaïne 
hydrochloride in Rapidocaïne formulation. Because of the analysis time reduction obtained, validation 
procedures were performed 3 to 8 times faster, depending on the technique.  
It is also important to note that conclusions of this study are valid at least for the presently investigated 
limited number of columns but could be slightly different with different experimental conditions. 
Fast-LC approaches provided not only a good solution to reduce time of analysis, but also to decrease 
the confidence interval during routine analysis as described elsewhere [52], by performing a higher 
number of analyses per unit of time.  
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ABSTRACT 
 
Analytical laboratories are currently interested in enhancing overall productivity, by increasing sample 
throughput and reducing analysis time. Different approaches are proposed in liquid chromatography 
(LC) to perform fast or ultra-fast separations with cycle times less than 5 or 1 min, respectively. Among 
these approaches, the use of monolithic supports, high temperature LC (HTLC), short columns and 
ultra performance LC (UPLC) are described and compared in this study. 
 
A comparison of the above LC approaches is presented, through Knox curves and pressure plots 
based on experimental data. Fast separations of pharmaceutical compounds are presented in order to 
illustrate the interest of these techniques and compare them with conventional LC separations. 
 
Keywords: fast liquid chromatography, HTLC, monolith, short columns, UPLC 
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1. INTRODUCTION 
 
The pharmaceutical industry is mainly interested in new technologies for increasing productivity for 
routine analytical work, method development, process monitoring and quality control. High throughput 
methods are also mandatory in various fields such as the separation of drugs and metabolites (e.g. 
therapeutic drug monitoring, pharmacokinetic studies [1]), substances of environmental interest (e.g. 
determination of pollutants [2]), food additives or biological samples (e.g. proteomics, metabolomics 
[3]).   
In liquid chromatography (LC), there are different approaches used to reduce analysis time and obtain 
fast or ultra-fast methods with cycle times less than 5 or 1 min, respectively. Some examples are: the 
reduction of column length (≤ 50 mm), the increase of mobile phase flow rate, the reduction of particle 
size (≤ 2 µm), the use of ultra high pressure (> 400 bar) and high temperature (≤ 200°C), as well as 
monolithic supports. These approaches are obviously not equivalent since it is not always 
straightforward to decrease analysis time while maintaining good chromatographic performance [4].  
This study presents advantages and drawbacks of the above mentioned fast LC approaches, with the 
help of Knox curves and pressure plots based on experimental data. Several separations of 
pharmaceutical compounds were performed to illustrate the interest of fast LC.  
 
2. MONOLITHS 
 
Monolithic columns are made of a single rod of porous material, prepared by a polymerization process 
generating a bimodal structure (macropores and mesopores) [5]. The separation performance is 
based on macropore and mesopore size. With this bimodal structure, it is possible to work at high flow 
rates without excessive backpressure (high permeability) and loss in efficiency. Monolithic columns 
are prepared from organic polymers (e.g. polymethacrylates, polystyrenes) or inorganic polymers (e.g. 
silica, zirconia, titania). The most widely used and commercially available monolithic columns 
(provided by Merck and Phenomenex, under the trademark Chromolith® and Onyx®, respectively) are 
based on silica polymers which includes macropores of 2 µm and mesopores of 13 nm. In spite of 
undeniable benefits, this technique presents some drawbacks such as the limited number of 
commercially available column geometries (i.e. internal diameter of 4.6 mm, 3.0 mm or 100 µm) and a 
low resistance to extreme pH (2 < pH < 8) or high pressure (∆Pmax = 200 bar). 
Figure 1 presents the comparison of a conventional stationary phase (column packed with 5 µm silica 
particles) with several fast-LC approaches. The comparison is based on Knox curves (Figure 1a) and 
pressure plots (Figure 1b) obtained for all strategies for the isocratic separation of parabens using 
butylparaben as a reference compound. The Knox curve obtained with the monolithic support 
demonstrated a minimum plate height Hmin of 8.8 µm while the column packed with 5 µm particles 
exhibited a value of 11.8 µm. These results are in agreement with a previous study, demonstrating 
that the efficiency of the monolithic support was equivalent to a column packed with 3.5 µm particles 
(Figure 1a) [6]. Furthermore, at a linear velocity higher than the optimal value, efficiency remained 
satisfactory because this support possesses a low mass transfer resistance. 
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Figure 1: Comparison of HPLC with several fast-LC approaches. (a) Knox curves, (b) Pressure plots. 
 
According to the high permeability of monoliths, large mobile phase flow rates can be used without 
generating excessive pressure. From a theoretical point of view, pressure generated by this monolith 
is equivalent to a column packed with 10-11 µm particles [7].  
The separation of a pharmaceutical formulation (Rapidocaine®) containing methylparabene, 
propylparabene, lidocaine and its by-product 2,6-dimethylaniline was performed under isocratic 
conditions (Figure 2). The analysis time was reduced by a factor of 6 between the monolithic (Figure 
2b) and the conventional (Figure 2a) support (1.4 min instead of 9.0 min). Some changes in selectivity 
(peak 4 – lidocaine) were observed, making method transfer more challenging. Moreover, peak 
fronting observed for lidocaine could be attributed to an overloading of the chromatographic support 
since monoliths present a lower loadability than conventional packed columns [7]. 
 
3. HIGH TEMPERATURE LIQUID CHROMATOGRAPHY (HTLC) 
 
Raising the mobile phase temperature (usually up to 200°C) allows a reduction of the analysis time by 
decreasing the mobile phase viscosity and thus increasing the solutes’ diffusion coefficients. 
Additionally, because of a decrease in water polarity at high temperature conditions, the organic 
content in the mobile phase must be reduced (green chemistry) for maintaining equivalent retention 
factors [8]. However, HTLC suffers from some drawbacks. The first one is the risk of stationary phase 
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degradation, since classical bonded silica phases are unstable at high temperature (> 60°C). The 
development of a new generation of silica based columns (hybrid or modified silica) can overcome this 
problem [9]. Furthermore, the use of high temperature requires dedicated instrumentation to preheat 
the mobile phase for avoiding peak distortion in the analytical column. Finally, the injected compounds 
must not be susceptible to thermal degradation under the conditions used. 
According to Knox curves (Figure 1a), HTLC is beneficial in terms of analysis time and efficiency: 1) 
minimum of Knox curve was about 20% better at 90°C (Hmin = 9.6 µm) compared to 30°C; 2) since 
mass transfer resistance is better at high temperature, it was possible to maintain good efficiency 
values, even at high linear velocities; 3) it is also important to note that the optimum linear velocity 
(uopt) was shifted to a higher value at 90°C. Consequent ly, when temperature increased, the mobile 
phase flow rate should be adjusted to higher values. Due to a significant decrease in mobile phase 
viscosity with temperature (Figure 1b), high mobile phase flow rates are possible and do not generate 
excessive backpressure [10]. 
 
Figure 2: Isocratic separations of pharmaceutical formulation (Rapidocaine®) obtained using (a) HPLC, (b) monolith, and (c) 
HTLC at 90°C. 
 
An example is reported in Figure 2c. A reduction in analysis time by a factor of 4 was obtained (2.3 
min instead of 9.0 min) which is directly proportional to mobile phase flow rates (1 and 4 mL/min at 30° 
and 90°C, respectively). Changes in selectivity [11 ] and resolution (e.g. peaks 2 and 3) were also 
observed. These changes were attributed to the modification in mobile phase properties with 
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temperature. For this reason, elution order is not always predictable in HTLC, making method transfer 
difficult. 
In general, HTLC is a good solution to reduce analysis time but is limited by the compatibility of silica-
based stationary phases at high temperatures.  
 
4. SHORT COLUMNS 
 
Reducing column length is one of the simplest approaches to decrease analysis time. To limit the loss 
in efficiency associated with shorter column lengths, a simultaneous reduction in particle size is 
mandatory (i.e. 2.5-3.5 µm vs. 5 µm). The use of short columns exhibits several advantages, such as 
the possibility to quickly transfer an existing method (using simple scaling equations) and to work at 
higher flow rates (as a result of the low pressure generated). However, due to the limited 
chromatographic performance in terms of efficiency (N being directly proportional to the column length, 
L), this strategy is generally employed for the separation of simple mixtures [12] or in combination with 
MS detection [13]. 
Figure 3 presents the comparison for the separation of a drug substance and its by-products 
performed in gradient mode with conventional and short columns. A significant reduction in analysis 
time was obtained with the short column (i.e. 2.0 min vs. 22.0 min). It can be noted that several 
parameters such as the mobile phase flow rate, injected volume and gradient profile were calculated 
to avoid any change in selectivity during the method transfer thanks to a Excel® program called “HPLC 
calculator” available for free on our website [14]. Under these conditions, changes in chromatographic 
profiles were only attributed to the loss in chromatographic performance (i.e. about 60% lower peak 
capacities) generated by the reduction in column length. The loss in resolution could also be due to 
the contribution of extra-column band broadening and system dwell volume. Therefore, an optimized 
LC system is mandatory to reduce peak dispersion. 
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Figure 3: Gradient separations of a pharmaceutical mixture (main compound and its by-products) obtained using (a) HPLC (L = 
150 mm, dp = 5 µm) and (b) short column (L = 20 mm, dp = 3.5 µm). 
 
Knox curves and pressure plots are in Figure 1. As expected, lower theoretical plate heights were 
obtained with the column packed with 3.5 µm particles (Hmin = 8.8 µm) compared to 5 µm. The optimal 
linear velocity was also shifted to a higher value when particle size decreased (u·dp = constant). 
Regarding the pressure plots and considering Darcy’s law, the pressure generated by the short 
column (20 mm) packed with 3.5 µm particles should be approximately 3-4 times lower than a 
conventional HPLC column (150 mm, 5 µm); considering the concomitant effect of decreasing column 
length and particle size on backpressure. 
 
5. ULTRA PERFORMANCE LIQUID CHROMATOGRAPHY (UPLC) 
 
The use of small particles and very high pressure for performing ultra fast and/or highly efficient 
analysis has been described by Jorgenson et al. [15]. Recently, Waters commercialized, under the 
trade name UPLC, a system compatible with ultra high pressure (up to 1000 bar) and columns packed 
with sub-2 µm particles. Today, several manufacturers offer columns packed with sub-2 µm particles 
and systems compatible with high pressures (e.g. 1200 RR LC® by Agilent, Rheos Allegro Ultra 
HPLC® by Flux, X-LC® by Jasco, Accela® by Thermo, Acquity UPLC® by Waters). According to the 
fundamental equations of chromatography, small particles can generate high efficiencies (N being 
directly proportional to 1/dp) and short analysis time (uopt·dp=constant). However, a significant increase 
in backpressure is generated according to Darcy’s law [16].  
Figure 4 presents the comparison of columns packed with conventional silica-based (5 µm) and hybrid 
silica ethylsiloxane (1.7 µm) particles for the separation of a pharmaceutical mixture (main compound 
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and its by-products, at similar concentration levels). Knox curves and pressure plots obtained under 
LC and UPLC conditions are reported in Figure 1. As expected from theory, a higher efficiency was 
obtained with small particles (Hmin = 3.9 µm for 1.7 µm vs. 11.8 µm for 5 µm) and the optimal linear 
velocity was increased (uopt = 2.11 mm/s for 1.7 µm vs. 0.72 mm/s for 5 µm). Finally, columns packed 
with 1.7 µm particles exhibited a lower mass transfer resistance permitting a separation at high flow 
rate without losing resolution.  
 
Figure 4. Gradient separations of a complex pharmaceutical mixture (main compound and its by-products) obtained using (a) 
HPLC (dp = 5 µm, ∆Pmax = 400bar) and (b) UPLC (dp = 1.7 µm ∆Pmax = 1000bar). 
 
The chromatographic separation was performed in gradient mode with two columns of different 
geometries but packed with the same stationary phase. By adapting the mobile phase flow rate, 
injection volume and gradient profile in UPLC, the analysis time was reduced by a factor of 18 (only 
1.5 min vs. 27 min) without loss of chromatographic performance.  
Therefore, UPLC probably represents the best approach to reduce the analysis time while maintaining 
chromatographic performance. This approach is also well adapted for obtaining high efficiency values, 
in the range of 10’000 ≤ N ≤ 100’000 plates, with suitable longer columns. 
 
6. CONCLUSION 
 
Depending on the application and according to the available LC system (conventional or dedicated), 
numerous solutions exist to increase productivity in LC. Fast LC methods presented in this work allow 
a significant decrease in analysis time compared to conventional LC.  
The approach to perform fast-LC must be selected in agreement with analytical constraints (e.g. LC 
instrumentation, column geometry, stationary phase, complexity of the analyzed mixture, required 
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resolution, use of MS detector, column stability in high temperature or high pressure conditions, 
potential degradation of compounds with temperature). 
Figure 5 summarizes each approach, with their advantages and drawbacks. Monoliths and short 
columns are compatible with a conventional LC system, but only few column geometries and 
chemistries are available for monoliths and, short columns are only adapted to simple mixtures or with 
MS detection. On the other hand, HTLC and UPLC necessitate a dedicated LC system. In order to 
preheat correctly the mobile phase in HTLC, an efficient oven is mandatory and columns should be 
compatible with high temperature. For UPLC, an ultra-high pressure-compatible system and 
corresponding sub-2 µm columns are required.  
The combination of fast LC strategies could be used to reduce more drastically the analysis time. This 
approach is currently under investigation in our laboratory.  
 
Figure 5. How to select the best fast LC approach. 
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ABSTRACT 
 
In this study, ultra performance liquid chromatography (UPLC) using pressures up to 1000 bar and 
columns packed with sub-2µm particles has been combined with high temperature mobile phase 
conditions (up to 90°C). By using HT-UPLC (High Tem perature Ultra Performance Liquid 
Chromatography), it is possible to drastically decrease the analysis time without loss in efficiency. 
The stability and chromatographic behavior of sub-2 µm particles were evaluated at high temperature 
and high pressure. The chromatographic support remained stable after 500 injections (equivalent to 
7500 column volumes) and plate height curves demonstrated the capability of HT-UPLC to obtain fast 
separations without significant loss in efficiency. For example, a separation of nine doping agents was 
performed in less than 1 min with sub-2 µm particles at 90°C. Furthermore, a shorter column (30 mm 
length) was used and allowed a separation of eight pharmaceutical compounds in only 40 s. 
 
Keywords: high speed liquid chromatography, rapid separation, UPLC, high temperature liquid 
chromatography, HTLC, HT-UPLC. 
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1. INTRODUCTION 
 
There is an ever increasing demand to enhance productivity and reduce costs in pharmaceutical 
analysis. In liquid chromatography (LC), manufacturers recently introduced new stationary phases, 
new columns geometries and new instruments; in order to reduce analysis times maintaining high 
resolution and sensitivity [1].  
 
Increasing the mobile phase flow rate in LC is the simplest way to reduce analysis time. Due to the 
increase in optimal linear velocity inversely proportional to particle size, it is possible to operate at 
relatively high flow rates without loss in efficiency using columns packed with very small particles. LC 
applications [2] have thus shown significant reduction in the size of particles employed, since the 50’s. 
The first small non-porous supports containing 2µm particles have been introduced in 1988 by Horvath 
et al. [3]. In 1996, particle size was reduced to 1.5 µm [4, 5] and small porous particles (sub-2 µm) 
have been commercialized in 2004. Today, several suppliers offer columns packed with porous 
particles in the range 1.5 to 2 µm [1]. The use of these supports allows a drastic improvement of the 
resolution per time unit, because chromatographic efficiency (N) and optimal mobile phase velocity 
(uopt) are both inversely proportional to the particle size (dp) [6]. Therefore, due to the high efficiency 
of sub-2 µm particles, the column length can be decreased to obtain equivalent resolution in a reduced 
analysis time [7, 8]. However, small particles induce a high pressure drop, and, according to Darcy’s 
law, the latter is inversely proportional to dp3 at the optimum linear velocity: 
2
pd
uLP ⋅⋅⋅= ηφ∆
          (1) 
where η is the mobile phase viscosity, L the column length, u is the mobile phase linear velocity, dp 
the particle size of the support and Ф, the flow resistance. 
For a given column length at the optimal flow rate which is inversely proportional to the particle size, a 
column packed with 1.7 µm particles generates a 27 times higher column pressure drop than a column 
packed with 5 µm particles. When keeping the plate number constant by reducing the column length, 
the increase in column pressure drop is reduced to about a factor 9. In the 60’s, Knox and Giddings 
showed that the speed limitation in LC was related to the maximum working pressure [9-11]. This last 
decade Jorgenson [12, 13] and Lee [14, 15] evaluated ultra high pressure systems (UHPLC). For this 
purpose, capillary columns packed with non-porous particles in the range 1-1.5 µm were first used. In 
2003, Jorgenson et al. obtained a highly efficient separation of five compounds in less than 4 min 
under isocratic conditions (N = 190’000 to 300’000) at a pressure of 7000 bar [16]. Meanwhile, Lee et 
al. have investigated the combination of UHPLC with high temperature, to limit the pressure generated 
and further reducing the particle size. Five herbicides were resolved on a capillary column packed with 
1 µm particles with excellent efficiency in only 1 min at 90°C and 1800 bar [17]. However, UHPLC was 
only used in academic laboratories, since systems are not commercially available and also for safety 
reasons [18]. Since 2004, a new generation of stationary phases which can withstand very high 
pressures (up to 1000 bar) as well as compatible LC systems have been commercialized from several 
suppliers under the trade name Ultra Performance Liquid Chromatography (UPLC). Recently, Desmet 
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et al. [19] confirmed, through kinetic plots, that sub-2 µm particles combined with high pressure (1000 
bar) constituted the best system over the entire range of accessible plate numbers (up to N = 50’000).  
 
Another solution for analysis time reduction involves increasing the temperature of the mobile phase 
above ambient temperature. High temperature liquid chromatography (HTLC) has not been used often 
in pharmaceutical analysis. Nevertheless, this strategy can be of great value, since the concomitant 
decrease of mobile phase viscosity and increase in solute diffusivity with temperature allows the use of 
high flow-rates [20-25] which lead to low analysis time without loss of efficiency or significant increase 
in column backpressure. Efficiency may be also slightly increased due to the improvement in mass 
transfer [21]. Finally, both dielectric constant and surface tension of water decrease with temperature, 
allowing the replacement of a large proportion of organic solvent by water in the mobile phase [26] as 
demonstrated by Clark [27] for a separation of steroids in less than 30 s using pure water as mobile 
phase. According to the literature, an increase of 5°C is comparable to a change of 1% in acetonitrile  
[28], while a temperature increase of 3.75°C can be  compared to a 1% increase in methanol [29]. 
Water at elevated temperature can thus replace a large proportion of organic solvent in the mobile 
phase and some results have been obtained with pure water in HTLC [30, 31]. Furthermore, it can be 
noted that resolution and selectivity can be modified with temperature [32-35].  
 
As previously reported by Lee [14, 15], the combination of HTLC and UPLC (HT-UPLC) can be used 
for performing ultra-fast separations. This approach allows a reduction in analysis time by increasing 
the flow rate with an acceptable backpressure and without significant loss in resolution due to an 
improvement in mass transfer. HT-UPLC represents also a good solution to improve resolution within 
an acceptable analysis time, using columns longer than 150 mm and packed with sub-2 µm particles 
[36]. 
 
This work focuses mainly on the analysis time reduction associated with HT-UPLC. Chromatographic 
behavior and stability of sub-2 µm particles was first evaluated under high pressure and high 
temperature conditions. The potential of this combined approach was demonstrated with an ultra-fast 
separation of several doping agents and a pharmaceutical cocktail. Both separations were obtained in 
less than one minute at 90°C and pressures higher t han 400 bar. 
 
2. EXPERIMENTAL 
 
2.1. Materials and reagents 
 
Methyl-, ethyl-, propyl-, butyl-parabens and uracil used in the test mixture were obtained individually 
from Sigma-Aldrich (Steinheim, Germany).  
Pharmaceutical compounds were from Sigma-Aldrich (Steinheim, Germany): diazepam, flunitrazepam, 
methylphenobarbital, nitrazepam, paracetamol, phenazone, phenobarbital and propyphenazone.  
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Doping agents were from Sigma-Aldrich (Steinheim, Germany): acetazolamide, bumetanide, 
chlortalidone, clopamide, dexamethasone, ethacrynic acid, furosemide, indapamide and probenecid. 
Doping agents used in this work were generously supplied by the “Swiss Laboratory for Doping 
Analyses” (Epalinges, Switzerland). 
Acetonitrile was of HPLC grade from Panreac Quimica (Barcelona, Spain). Water was obtained from a 
Milli-Q Waters Purification System from Millipore (Bedford, MA, USA).  Formic acid was obtained from 
SDS (Peypins, France).  
 
2.2. Apparatus 
 
Separations were performed on a Waters Acquity UPLC system (Milford, MA, USA). This instrument 
includes a binary solvent manager with a maximum delivery flow rate of 2 mL/min, an auto-sampler 
with a 2 µL loop injection, UV-VIS programmable detector including a 500 nL flow cell, 80 Hz 
acquisition rate and 25 ms time constant. Data acquisition, data handling and instrument control were 
performed by Empower Software. The maximal backpressure for the UPLC system is 1000 bar at flow 
rates lower or equal to 1 mL/min, and value decreases linearly, in the range 1-2 mL/min, up to 600 bar 
at 2 mL/min. An external column oven (Waters Column Heater Module TC2) with a maximum 
temperature of 150°C was added to the UPLC system. Stainless steel tubing (0.127 mm I.D. x 50 cm) 
was used, between the injection valve and the analytical column inlet in order to efficiently preheat the 
mobile phase. The length of tubing was determined according to previous work by Guillarme et al. [21] 
and internal diameter of the tubing was selected to obtain the best compromise between extra-column 
dispersion and backpressure. Another tubing (0.127 mm I.D. x 50 cm) was added between the 
analytical column outlet and the UV-VIS detector, to air-cooled down the mobile phase before entering 
the detector.  
Columns used for this study were Acquity BEH C18 (2.1 mm I.D. × 50 mm, 1.7 µm), Acquity BEH C18 
(2.1 mm I.D. × 30 mm, 1.7 µm) and  Acquity BEH Shield RP18 (2.1 mm I.D. × 50 mm, 1.7 µm), 
obtained from Waters (Milford, MA, USA). 
 
2.3. Methods 
 
For all separations, a volume of 1 µL was injected, UV-VIS detector was set at 254 nm, time constant 
at 25 ms and data sampling rate at 80 points/s. 
 
2.3.1. Column stability 
 
For testing the column stability, an aqueous mixture containing 25 µg/mL of methyl-, ethyl-, propyl-, 
butyl-paraben and uracil (for the determination of column dead volume) was prepared by appropriate 
dilution of 1 mg/mL standard solution of each component in acetonitrile-water (50:50, v/v). Column 
stability was evaluated with Acquity BEH Shield RP18 (2.1 mm I.D. × 50 mm, 1.7 µm).  The flow rate 
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was set to 1000 µL/min, at a temperature of 90°C an d using isocratic conditions (acetonitrile-water 
30:70 v/v). The column was used for 500 injections, equivalent to 7500 column volumes. 
 
2.3.2. Plate height curves 
 
For drawing plate height curves at 30°, 60° and 90° C; the same mixture of parabens (methyl-, ethyl-, 
propyl- and butyl-paraben) and uracil was used. The separations were performed with 
acetonitrile/water on Acquity BEH C18 (2.1 mm I.D. × 50 mm, 1.7 µm).  The mobile phase flow rate 
was increased (by 40 µL/min steps) from 160 µL/min until the maximum backpressure accepted by the 
column and the chromatographic system, according to the temperature. Maximum flow rates of 1200 
µL/min, 1600 µL/min and 1800 µL/min were respectively reached at 30°, 60° and 90°C. In order to 
keep retention factors constant, the proportion of organic solvent in the mobile phase was decreased 
from 33% at 30°C, to 29% at 60°C and 25% acetonitri le at 90°C. Among the four tested compounds, 
butylparaben was selected as a model analyte, because it possesses the highest retention factor (k ≈ 
13). In order to overcome the extra-column effect due to tubing addition for preheating/cooling the 
mobile phase, the column plate number, Ncol was calculated, according to the equation below [21]:  
2
ext
2
obs
2
r
col
tN
σσ −
=
          (2) 
Where, σ²obs and σ²ext are the observed and extra column peak variances, respectively, and tr is the 
retention time. The latter is obtained by tr = t - text; t and text being the times spent by the solute in the 
whole chromatographic system and in the external volume, respectively. 
According to the following theoretical equation for the volume variance in open tubes, the extra column 
variance varies with the flow-rate and the temperature [37]:  
FD6.7
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ext
⋅⋅
⋅
=σ           (3) 
Where, F is the mobile phase flow-rate, rtube and ltube the tubing radius and length, respectively and 
Dm, the diffusion coefficient in the tube (taken at the temperature of the oven). The other contributions 
to extra column dispersion (injection and detection) were measured and found to be negligible. 
Theoretical values were compared at different temperatures and various flow-rates (ranging from 50 
µL/min to 2 mL/min) to experimental values obtained from the statistical 2nd order moment of a peak 
obtained without column. They were found to be very close (less than 20%). 
 
For the construction of plate height curves, flow rate and efficiency values found with equations 2 and 
3 were directly transformed into mobile phase linear velocity (u) and height equivalent to a theoretical 
plate (H), respectively [6]. u values were experimentally determined by considering the column dead 
time measured with uracil. Least square regression was thus employed to fit the obtained 
experimental data with H=Au1/3+B/u+Cu, derived from the Knox equation.  
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2.3.3. Doping agents 
 
For the separation of doping agents, an aqueous mixture containing acetazolamide, bumetanide, 
chlortalidone, clopamide, dexamethasone, ethacrynic acid, furosemide, indapamide and probenecide 
at 200 µg/mL was prepared by appropriate dilution of 1 mg/mL standard solution of each component in 
acetonitrile-water (50:50, v/v). The separations were performed on an Acquity BEH Shield RP18 (2.1 
mm I.D. × 50 mm, 1.7 µm) using a gradient elution, with (A) 0.1% formic acid in water and (B) 0.1% 
formic acid in acetonitrile. The separation was achieved at 30° and 90°C, with several flow rates and 
gradient profiles. Since selectivity changes with temperature, the separation was optimized for each 
set of flow rate and column temperature, using the HPLC optimization software, Osiris (Datalys, 
Grenoble, France). The pH value was kept identical for all tested conditions and the gradient profile 
(initial and final compositions and gradient slope) was optimized. Minimal and maximal apparent 
retention factors values were set to 0.5 and 15 respectively and the plate number to 10’000.  The 
optimum gradient profile was found by Osiris into the required retention range and corresponded to the 
highest resolution for the least separated pair of peaks, provided that the resolution was higher than 
1.5 
At 30°C, a linear gradient from 13% to 52% of aceto nitrile was performed at 400, 600, 800 and 1000 
µL/min, using a gradient time equal to 1.95, 1.30, 0.97 and 0.78 min, and then held for 1.00, 0.70, 0.50 
and 0.20 min, respectively. At 90°C, a linear gradi ent from 8% to 40% of acetonitrile was performed at 
600, 1000, 1500 and 1700 µL/min, using a gradient time equal to 1.68, 0.99, 0.66 and 0.58 min, and 
held for 0.60, 0.40, 0.30 and 0.20 min, respectively. 
 
2.3.4. Pharmaceutical cocktail 
 
For the separation of a pharmaceutical cocktail, an aqueous mixture containing diazepam (100 
µg/mL), flunitrazepam (100 µg/mL), methylphenobarbital (200 µg/mL), nitrazepam (100 µg/mL), 
paracetamol (100 µg/mL), phenazone (100 µg/mL), phenobarbital (200 µg/mL) and propyphenazone 
(100 µg/mL) was prepared by appropriate dilution of 1 mg/mL standard solution of each component in 
acetonitrile-water (50:50, v/v). The separations were performed on Acquity BEH C18 (2.1 mm I.D. × 30 
mm, 1.7 µm) under gradient elution, using (A) 0.1% formic acid in water and (B) 0.1% formic acid in 
acetonitrile. The separation was performed at 30° a nd 90°C, at 600 µL/min and 2000 µL/min 
respectively. At each temperature, optimal conditions were found using the HPLC optimization 
software. At 30°C, a linear gradient from 9% to 40%  of acetonitrile was performed using a gradient 
time of 1.64 min and hold for 0.50 min. At 90°C, a linear gradient from 14% to 32% of acetonitrile was 
achieved, using a gradient time of 0.50 min and held for 0.20 min. 
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3. RESULTS AND DISCUSSIONS 
 
3.1. Column stability 
For sake of simplicity, an unbuffered mobile phase was selected to test the column stability. For this 
purpose, 500 injections of the test mixture containing neutral compounds were performed at 90°C, 
corresponding to 7500 column volumes. The mobile phase was percolated through the column at a 
flow rate of 1 mL/min, with a pressure drop of 600 bar. The stability of hybrid silica-based stationary 
phases has been assessed in pressure conditions corresponding to that used in HT-UPLC conditions 
for high throughput experiments. 
Chromatographic performance was evaluated by means of efficiency (N), retention factor (k), 
asymmetry (As) and column backpressure (∆P). Chromatographic parameters were plotted as a 
function of injections and number of column volumes. For the sake of clarity, each parameter was 
plotted on a relative scale (%), where the 100% value corresponded to the initial performance of the 
chromatographic support.  
No significant changes were observed for retention factors (Fig. 1a) with the four investigated 
compounds, %RSD values fell between 3.3 and 3.7%. Efficiency reported as a function of the number 
of injections (Fig. 1b) remained almost constant with %RSD ranging from 5.6% for methylparaben to 
8.8% for butylparaben. For the latter, efficiency varied from 11’000 plates to about 10’000 plates after 
500 injections. Variation of asymmetry factors (data not shown) was acceptable for the four tested 
parabens (%RSD ranging from 4.5% for butylparaben to 5.8% for methylparaben). Finally, the 
backpressure (data not shown) increased of about 5% between the first and the last injection. 
 
Figure 1. Column stability test at 90°C. Column: Acquity BEH  Shield RP18 (2.1 mm I.D. × 50 mm, 1.7 µm); mobile phase: 
water-acetonitrile (70:30 %, v/v); flow-rate: 1000 µL/min; compounds:  = methylparaben,  = ethylparaben,  = 
propylparaben,  = butylparaben. (a) Evolution of retention factor as a function of injection number and column volumes. (b) 
Evolution of efficiency as a function of injection number and column volumes.  
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Therefore, the column demonstrated a good thermal stability after 500 injections. The change in 
chromatographic parameters remained lower than 10% at 90°C. Similar work done by Liu et al. with 
another Acquity column (silica-silicon-based ethyl-bridge hybrid C18) [38] demonstrated a good 
stability with pure water at 200°C over a one-month  study period. Changes in retention factors over 
this tested period were acceptable (lower than 10%).  
 
3.2. Effect of temperature on chromatographic performance 
 
3.2.1. Effect on optimal flow rate 
 
Fig. 2 represents experimental plate height curves obtained at 30°, 60° and 90°C with the Acquity BEH 
Shield RP18 (2.1 × 50 mm, 1.7 µm).  
 As expected from theory [22], the optimum linear velocity varied significantly with temperature; uopt = 
5.1 mm/s at 30°C, 7.9 mm/s at 60°C and 12 mm/s at 9 0°C (Table 1). These values correspond to the 
minimum h values delivered by the fitted curve. According to Eq. 4, the optimum linear velocity is 
proportional to the diffusion coefficient (Dm): 
p
B,mA
optopt d
D
u ×=ν           (4) 
Where, vopt, is the optimum reduced mobile phase velocity, and Dm A,B, the diffusion coefficient of 
solute A in solvent B. The vopt value corresponding to the minimum of the plate height curve is 
typically in the range 2 to 5 [11] and is usually independent of the temperature for a given k value. 
 
The value of diffusion coefficient (Eq.5), which can be described by the Wilke-Chang equation [25], 
updated by Katz and Scott [39], raised in HTLC conditions, due to the simultaneous increase in 
temperature (T) and decrease in viscosity (η). 
6.0
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⋅
⋅⋅
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η
ψ
        (5) 
where MB is the molecular weight of solvent B (g/mol); T the absolute temperature (K); ηB the 
viscosity of solvent B (cP) at T; VA the molar volume of solute A at its normal boiling temperature 
(cm3/(g.mol)) and ΨB the association factor of solvent B (dimensionless).  
Theoretical values of optimal linear velocity at 60° and 90°C were calculated from the νopt value 
calculated with Eq. 4. The uopt value was the experimental one at 30°C. All Dm values were 
calculated using Eq.5.. As shown in Table 1, the results were in agreement with experimental data 
(uopt exp).  
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Figure 2. Plate height (H) as a function of the linear velocity (u) for each tested temperature:  = 30°C;  = 60°C;  = 90°C. 
Fitting of experimental data was performed with Knox equation (H=Au1/3+B/u+Cu). 
 
Compared to conventional LC at ambient temperature, the optimal velocity in HT-UPLC was largely 
increased, due to two main contributions. Firstly, the optimum linear velocity is proportional to the 
diffusion coefficient which increases with T/η according to Eqs. 4 and 5. This phenomenon is 
highlighted in Figure 2. Secondly, according to Eq.4, the optimum linear velocity is inversely 
proportional to the particle size which is significantly reduced by using sub-2µm particles. Moreover, it 
is also important to note that the mass transfer resistance decreases with increasing temperature [40] 
(i.e. the C term of the H-u equation decreases experimentally of about 25% between 30 and 60°C and 
40% between 30 and 90°C). It is thus possible to wo rk at a somewhat higher flow rate than the optimal 
value, without significant loss in efficiency. 
 
Table 1. Kinetic parameters obtained with four selected parabens in UPLC at 30°, 60° and 90°C. 
 
30°C 60°C 90°C 
ACN (%) 33 29 25 
η (cP) 0.85 0.59 0.42 
Dm (butylparaben) (m2/s) 6.6·10-10 1.1·10-9 1.6·10-9 
Fmax used (µL/min) 1200 1600 1800 
∆Pmax used (bar) 1000 970 860 
uopt exp (mm/s) 5.1 7.9 12.0 
uopt theo (mm/s) (5.1 considered) 8.1 12.4 
Hopt exp (µm) 4.8 4.6 4.4 
N/t0 max (s-1) 1200 1800 2100 
 
In the experimental conditions, maximal linear velocities at 60° and 90°C were limited to 13.1 mm/s 
(1600 µL/min, 970 bar) and 14.7 mm/s (1800 µL/min, 860 bar), respectively, because of a decrease in 
the maximum system pressure when the flow rate is larger than 1 mL/min. The available pressure 
drop in the column was also decreased by the length of added tubing for performing HTLC. However, 
with an active preheating/cooling system (not available for the present study), tubing length could be 
drastically reduced. 
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3.2.2. Effect on efficiency 
 
According to Guillarme et al. [21], contradictory results were observed concerning the variation of 
efficiency at elevated temperature. A decrease in efficiency was often attributed to extra-column band 
broadening contributions due to lower retention factors at high temperature and to a putative thermal 
gradient inside the column.  
In this study, the proportion of organic solvent was adapted to the temperature to keep retention 
factors constant (k ≈ 13). Moreover, the mobile phase was correctly preheated to avoid temperature 
gradients. Under these conditions, the optimum plate height remained almost constant when 
temperature increased (Table 1): Hopt = 4.8 µm at 30°C, 4.6 at 60°C and 4.4 at 90°C.  
 
3.2.3. Effect on system backpressure 
 
The system backpressure (∆P) was measured as a function of the flow rate at 30, 60 and 90°C (data 
not shown). The decrease in eluent viscosity (η) at high temperature led to a decrease in 
backpressure and therefore allowed the use of higher flow rates, according to Darcy’s law (Eq. 1): 
For a given flow rate,  backpressure was reduced by 30% between 30° and 60°C and 22% between 
60° and 90°C. However, due to instrumentation limit ations (see § 2.2), maximal investigated flow rates 
were limited to 1200, 1600 and 1800 µL/min at 30°, 60° and 90°C, respectively. 
 
3.2.4. Effect on the efficiency by time unit 
 
The efficiency per time unit [41] could be generally used to compare chromatographic systems. It 
describes the compromise between high efficiency and fast LC analysis. As shown by Eq. 6, the 
simultaneous use of high temperature and sub-2 µm particles at high pressure could significantly 
increase the plate number per time unit, due to the concomitant increase of diffusion coefficient (Dm) 
and reduction of particle size diameter (dp). 
2
p
m
0 dh
Dv
t
N
⋅
⋅
=            (6) 
According to the literature [42], the values of N/t0 should be in the range 400 to 1000 plates/s for fast 
chromatography, instead of around 100 plates/s in conventional LC. As shown in Table 1, at 30°C, 
N/t0 was equal to 1200 plates/s at a flow rate of 1200 µL/min. At 60°, the N/t0 ratio was increased to  a 
value of 1800 (F = 1600 µL/min) and 2100 plates/s at 90°C (F = 1800 µL/min). The use of short 
columns packed with sub-2 µm particles with high temperature and high pressure allows a large 
increase in the applied flow rate without significant loss in efficiency. Very high efficiency by time unit 
values were obtained with this approach and, to our knowledge, such high values have never been 
experimentally reported in the literature.  
Fig. 3 presents chromatograms obtained at the maximum flow rate for each temperature. The analysis 
time was reduced by 25% between 30° and 60°C (1.20 vs 0.90 minutes), while between 60° and 90°C, 
the gain was less pronounced (15%), as previously discussed (instrumentation limitation).  
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Figure 3. Chromatograms obtained at the maximal flow rate for each temperature. Column: Acquity BEH C18 (2.1 mm I.D. × 50 
mm, 1.7 µm); mobile phase: water-acetonitrile; compounds: 1. uracil, 2. methylparaben, 3. ethylparaben, 4. propylparaben, 5. 
butylparaben. (a) 30°C, 33% ACN, flow rate: 1200 µL /min; (b) 60°C, 29% ACN, flow rate: 1600 µL/min; (c ) 90°C, 25% ACN, flow 
rate: 1800 µL/min. 
 
At the maximal applied flow rate, chromatographic resolutions were improved as a function of 
temperature due to the better mass transfer (flatter plate height curve) as reported in Fig.2. Resolution 
observed between methyl- and ethylparaben varied from 7.5 at 30°; to 8.5 at 60° and 8.8 at 90°C.  
In order to illustrate the interest of HT-UPLC for ultra fast separations, an additional experiment was 
performed at 90°C with the simple mixture of parabe ns. The proportion of ACN was increased up to 
50% in order to have a minimal resolution Rs equal to 1.5. Fig. 4 shows the separation performed in 8 
seconds. However, under these conditions, retention factors were low (k < 2) and the extra column 
band broadening contribution increased, leading to an efficiency equal to about 4500 plates (vs. 
11’000) for butylparaben. For this example, column efficiency was estimated with the Foley-Dorsey 
equation [43], because of the high peak asymmetry (at least As = 1.4). 
 
Figure 4.  Ultra-fast separation of parabens and uracil. Column: Acquity BEH C18 (2.1 mm I.D. × 50 mm, 1.7 µm); mobile 
phase: water-acetonitrile (50:50 %v/v); flow-rate: 1800 µL/min; temperature: 90°C; compounds: 1. uraci l, 2. methylparaben, 3. 
ethylparaben, 4. propylparaben, 5. butylparaben. 
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3.3. Application of HT-UPLC for doping agents 
 
A method was developed for the separation of a mixture containing nine doping agents, including an 
anti-inflammatory drug, a steroid and different diuretics. The method was initially developed at ambient 
temperature and Fig. 5 presents the chromatograms obtained at 400, 600, 800 and 1000 µL/min. For 
each flow rate, the gradient profile was adapted, using a freely Excel sheet called “HPLC calculator” 
[44]. Considering an average molecular weight equal to 350 g/mol, the optimal flow rate was about 
400 µL/min at 30°C with an analysis time of 2.8 min . Increasing the flow rate from 400 to 1000µL/min 
deteriorated significantly the separation, as shown in figs 5a-d. A significant loss in resolution was 
observed between peaks 4 and 5 (dexamethasone/furosemide) and a co-elution occurred at higher 
flow rates. This is due to a decrease in both efficiency (Fig. 2) and selectivity. Variations of retention 
and selectivity with flow-rate were also observed elsewhere [45, 46].  
 
Figure 5. Separations of doping agents at 30°C and different  flow rates. Column: Acquity BEH Shield RP18 (2.1 mm I.D. × 50 
mm, 1.7 µm); mobile phase: 0.1% formic acid in water – 0.1% formic acid in acetonitrile (gradient); temperature: 30°C; 
compounds: 1. acetazolamide, 2. chlortalidone, 3. clopamide, 4. dexamethasone, 5. furosemide, 6. indapamide, 7. bumetanide, 
8. probenecide, 9. ethacrynic acid. Flow rates: (a) 400 µL/min; (b) 600 µL/min; (c) 800 µL/min; (d) 1000 µL/min. 
 
Fig. 6 shows the same separation performed at higher temperature (i.e. 90°C) and different flow rates 
(600, 1000, 1500 and 1700 µL/min) (Fig.6a-d). Due to changes in selectivity [47-51] with temperature, 
elution order was modified for peaks 4, 5 and 6 (dexamethasone, furosemide and indapamide). 
Therefore, the gradient profile was completely re-optimized at 90°C. Under optimal conditions, all 
peaks were well separated at higher temperature, even at high flow-rates, because of the flat plate 
height curve (Fig.2). Only peak 3 (clopamide) becomes broader in HT-UPLC conditions compared to 
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30°C but this behaviour couldn’t be explained. The analysis time was significantly decreased, from 2.3 
min at 600 µL/min to 0.8 min at 1700 µL/min. Thus, the baseline separation of the nine doping agents 
took less than 1 min at 90°C (Fig.6d) and about 3 m in at 30°C (Fig.5a).  
 
Figure 6. Separations of doping agents at 90°C and different  flow rates. Column: Acquity BEH Shield RP18 (2.1 mm I.D. × 50 
mm, 1.7 µm); mobile phase: 0.1% formic acid in water – 0.1% formic acid in acetonitrile (gradient); temperature: 90°C; 
compounds: 1. acetazolamide, 2. chlortalidone, 3. clopamide, 4. dexamethasone, 5. furosemide, 6. indapamide, 7. bumetanide, 
8. probenecide, 9. ethacrynic acid. Flow rates: (a) 600 µL/min; (b) 1000 µL/min; (c) 1500 µL/min; (d) 1700 µL/min. 
 
Table 2 summarizes the chromatographic performance of the separations obtained at 30 and 90°C 
with different flow rates. Generated backpressure, peak capacity as well as peak capacity per time unit 
are given in this table. Peak capacity was estimated with the following equation: 
w
t
1Pc g+=            (7) 
where tg is the gradient time and w, the average peak width in time units. 
At 30°C, the peak capacity decrease was about 30% f or a flow rate increase from 400 to 1000µL/min. 
At 90°C, the reduction in peak capacity was lower t han 20% with flow rates in the range 600-
1700µL/min. A significant improvement (i.e. factor 2-3) in peak capacity per time unit (Pc/t0) was also 
obtained, showing the interest of temperature to improve performance in gradient mode. Furthermore, 
the generated backpressure remains lower than 1000 bar. 
 
 
 
 
194 
___________________________________________________________________ 
Table 2. Chromatographic performance (peak capacity, peak capacity per time unit and backpressure) for the separation of 
doping agents in gradient mode (Figs 5 and 6). 
Temperature 
(°C) 
Flow rate 
(µL/min) Peak capacity 
Pc / t0                
(s-1) 
Initial gradient 
Backpressure 
(bar) 
400 115 8 480 
600 113 10 676 
800 95 13 840 
30°C 
1000 82 13 991 
600 156 16 294 
1000 150 25 468 
1500 131 31 690 
90°C 
1700 128 34 779 
 
3.4. Application of short column-HT-UPLC for a pharmaceutical cocktail 
 
Since the analysis time depends also on the column length, the latter is the ultimate parameter to 
reduce the analysis time. The column length packed with sub-2 µm was therefore decreased to 30 
mm. However, reducing the column length affects simultaneously analysis time, efficiency and 
backpressure. With the considered geometry (30 instead of 50 mm), the three parameters should be 
decreased by a factor 1.7. The backpressure decrease (Eq. 1) is beneficial since it permits to work at 
higher flow rate without overpressure. However, the efficiency decrease means that such a 
configuration can only be adapted to simple mixtures where resolution is not an issue.  
 
A pharmaceutical cocktail of eight compounds containing benzodiazepines, analgesics and barbiturics 
was separated with a 2.1 mm I.D. × 30 mm, 1.7 µm column at 30° and 90°C. For both conditions, 
optimal conditions (%B initial and gradient slope) were found with the optimization software.  
Fig. 7a presents the chromatogram obtained under optimal conditions (600 µL/min at 30°C) 
considering an average molecular weight of 250 g/mol and peaks of interest co-eluted for apparent k 
in the range 0.5 to 15. However, because of selectivity change with temperature, the complete 
separation was carried out at 90°C (Fig. 7b) at a f low rate of 2000 µL/min (maximum flow rate usable 
on the instrument) in only 40 seconds. This kind of strategy could only be used for simple mixture, due 
to the low resolution generated by the short column length (N ≈ 6’000). It is also important to note that 
temperature could also affect negatively the separation in some cases, depending mainly on solute-
stationary phase interaction. 
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Figure 7. Separation of a pharmaceutical cocktail. Column: Acquity BEH C18 (2.1 mm I.D. × 30 mm, 1.7 µm); mobile phase: 
0.1% formic acid in water – 0.1% formic acid in acetonitrile (gradient); compounds: 1. paracetamol, 2. phenazone, 3. 
phenobarbital, 4. methylphenobarbital, 5. propyphenazone, 6. nitrazepam, 7. flunitrazepam, 8. diazepam. (a) T = 30°C, F = 600 
µL/min; (b) T = 90°C, F = 2000 µL/min. 
 
4. CONCLUSION 
 
Column stability at high temperature is one of the main issues in HTLC. The tested column (Acquity 
BEH Shield RP18) demonstrated good thermal stability at 90°C after percolating 7500 columns 
volumes (500 injections) under high pressure conditions (∆P > 400 bar). In these cases, an external 
oven was used, which required additional tubing length between the injection valve, the analytical 
column and the detector. This tubing generated peak dispersion, especially for less retained 
compounds. An optimized HTLC system containing an active mobile phase preheating should be 
optimal (i.e. low extra-column effects) and would probably be suitable for improving results presented 
in this study. Such system is however not included with commercial UPLC system, for the moment. 
The concomitant use of elevated temperature with UPLC (HT-UPLC) is a promising strategy to 
perform ultra-fast separations without excessive backpressure or loss in efficiency. On the other hand, 
the change in selectivity, due to temperature increase, should be taken into account during method 
development. A separation of nine doping agents in less than 1 min was obtained at 90°C, using a 
column packed with sub-2 µm particles. The reduction of column length (30 mm) allowed the 
separation of eight pharmaceutical compounds in only 40 s at 90°C.. 
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ABSTRACT 
 
Recently, the WHO (World Heath Organisation) has launched a global plan to stop tuberculosis for the 
next years. Currently, someone in the world is newly infected with the tuberculosis bacilli every second 
and one-third of the world’s population is infected. The increase in drug- or multidrug-resistant 
tuberculosis  requires an extensive chemotherapy and necessitates the combination of several anti-
tubercular agents. The three most powerful anti-tubercular drugs recommended by the international 
authorities for the inital intensive treatment are rifampicine (RIF), isoniazid (ISN) and pyrazinamid 
(PYR). 
 
Due to the high number of analyses mandatory in this particular field (i.e. quality controls, drug 
monitoring, etc.), rapid analytical procedures are required. Several strategies have been developed for 
performing fast separations, such as the use of short columns packed with small particles size (i.e. 
sub-2 µm) resistant to high pressure (UPLC) or the use of high temperature (HTLC). Both strategies 
are compatible with high flow rate without significant loss in resolution. The combination of UPLC and 
HT-UPLC (i.e. HT-UPLC) permit to reduce the analysis time while maintaining good chromatographic 
performance. 
 
The main goal of this study was to develop an ultra-fast separation by UPLC and HT-UPLC for the 
three main anti-tubercular drugs contained in a pharmaceutical formulation. Quantitative performances 
were evaluated, through a validation procedure performed in agreement with SFSTP 2003 (evaluation 
of trueness, precision and accuracy). Qualitative and quantitative results obtained by UPLC and HT-
UPLC were discussed. 
 
Keywords : fast LC, UPLC, HTLC, HT-UPLC, anti-tubercular 
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CONCLUSIONS ET PERSPECTIVES 
 
Ce travail de thèse a permis de démontrer le potentiel et les possibilités offertes par l’UPLC via 
diverses applications pharmaceutiques. Les performances qualitatives et quantitatives ont été 
évaluées et la réduction des temps d’analyse, représente un avantage important de cette approche 
par rapport à la LC conventionnelle. Les gains observés en UPLC et HT-UPLC sont significatifs (gain 
d’un facteur 9 par rapport à la LC conventionnelle, voire d’un facteur 20 au débit maximal supporté en 
UPLC et HT-UPLC) et les efficacités générées sont excellentes en comparaison avec les autres 
approches LC rapides (colonnes courtes, HTLC, monolithes).  
 
L’approche UPLC nécessite un système dédié, permettant de travailler à des pressions élevées (∆P > 
400 bars). L’instrument doit être compatible avec des séparations rapides ou ultra-rapides (constante 
de temps et fréquence d’acquisition du détecteur, temps de cycle d’injection) et doit comporter des 
volumes extra-colonne aussi faibles que possible (volume de la cellule de détection, tubes de 
connexions, volume d’injection) ainsi qu’un faible volume de délai pour être compatible avec des 
gradients ultra-rapides réalisés sur des colonnes de petites dimensions. L’utilisation de la haute 
température en UPLC (HT-UPLC) nécessite un four performant, permettant de préchauffer de façon 
adéquate la phase mobile indépendamment du débit appliqué. Enfin, la colonne analytique utilisée 
doit non seulement être résistante à la haute pression et à la haute température. 
 
Diverses colonnes sub-2 µm ont été évaluées et cette étude a démontré qu’il était possible de 
travailler avec un équipement LC conventionnel (limité à 400 bars), pour autant que le système soit 
optimisé (i.e. volumes extra-colonne, détection, etc.). L’augmentation de la pression limite à 1000 bars 
présente de réels avantages, puisqu’il est ainsi possible soit d’augmenter l’efficacité (utilisation de 
colonnes plus longues) ou de travailler plus rapidement (augmentation du débit de travail).  
 
Des règles générales pour les transferts de méthode en modes gradient et isocratique de la LC 
conventionnelle vers les colonnes UPLC, comportant des chimies de phases stationnaires identiques 
ont été données et il a été démontré que les performances chromatographiques étaient excellentes 
(résolution, sensibilité, sélectivité). Il est ainsi désormais possible d’obtenir la séparation d’un mélange 
relativement complexe de type profil d’impuretés en moins de 2 min. 
 
Une comparaison qualitative et quantitative des différentes approches rapides (UPLC, HTLC, 
monolithes, sub-2 µm) par rapport à la LC conventionnelle a été réalisée en prenant comme exemple 
le développement et la validation pour le contrôle qualité d’une formulation pharmaceutique 
(Rapidocaïne®). Les résultats obtenus ont démontré des résultats quantitatifs équivalents pour 
l’ensemble des méthodes évaluées, avec un gain en temps d’analyse significatif avec l’UPLC, 
permettant ainsi de réaliser une « journée » de validation en moins de 20 min. 
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L’utilisation de la haute température avec des colonnes de longueurs comprises entre 30 et 50 mm en 
UPLC (HT-UPLC) est une stratégie prometteuse pour générer des séparations ultra-rapides (moins de 
1 min) sans perte de charge excessive. La HT-UPLC offre également la possibilité d’obtenir des 
séparations avec une efficacité extrêmement élevée (100'000 plateaux) grâce au couplage de 
colonnes avec des temps d’analyse acceptables de moins de 1h (données non discutées dans ce 
travail). La bonne stabilité de la colonne à haute température et haute pression ont montré qu’il est à 
présent envisageable d’utiliser cette nouvelle approche en routine pour l’analyse de mélanges 
pharmaceutiques plus ou moins complexes. 
 
L’ensemble des résultats présentés dans ce travail de thèse ayant été réalisés avec une détection UV, 
il conviendrait d’évaluer l’impact de l’utilisation d’autres détecteurs (électrochimie, fluorimétrie, 
spectrométrie de masse, détecteur évaporatif à diffusion de la lumière), de manière à élargir le 
domaine d’applications. Quelques essais prometteurs ont été réalisés en UPLC-DEDL (données non 
discutées dans ce travail), offrant la possibilité d’analyser des composés ne possédant pas de 
groupement chromophore. L’utilisation de la MS serait un atout pour les séparations complexes 
nécessitant une grande sélectivité chromatographique ou sensibilité (i.e. ordre du picogramme injecté 
en MS/MS). Cet aspect n’a pas été étudié dans ce travail mais devrait être envisagé pour l’analyse 
d’échantillons complexes (i.e. dosage de médicaments dans les fluides biologiques, protéomique, 
métabolomique) ou dans le cas de composés présents en faible concentration (e.g. profils 
d’impuretés, dosage d’agents dopants, etc.). La MS peut être utilisée aussi bien pour l’analyse de 
criblage (e.g. « screening » d’impuretés ou d’agents dopants) que pour l’analyse confirmatoire dans 
les laboratoires. 
 
L’aspect préparation d’échantillon est une autre voie d’étude intéressante. En effet, le processus 
analytique est constitué non seulement de la séparation et de la détection, mais également du 
traitement d’échantillons, qui devient ici le facteur limitant en terme de temps. Selon la matrice utilisée 
(e.g. plasma, urine, LCR) et la concentration recherchée, différentes stratégies peuvent être utilisées. 
La simple dilution ou filtration est généralement peu recommandée pour les échantillons biologiques, 
à cause des nombreux composés endogènes pouvant obstruer les colonnes analytiques sub-2 µm. 
De plus, cette stratégie n’est pas compatible avec la recherche de faibles quantités d’analytes, même 
avec l’utilisation d’une détection de type MS/MS. La préparation d’échantillon en ligne par « column 
switching », qui connaît un grand succès pour l’analyse de composés pharmaceutiques en LC-MS, 
n’est pas recommandée en UPLC, de par les importants volumes extra-colonnes engendrés par la 
vanne de commutation et à la difficulté technologique d’obtenir des vannes résistantes à des 
pressions de 1000 bars. L’extraction liquide-liquide (LLE) et solide-liquide (SPE) présentent de 
nombreux avantages en termes d’efficacité, de simplicité d’utilisation et de coût. Cependant, la LLE 
requière des temps de préparation importants et n’est pas facilement automatisable. Contrairement à 
la SPE où un grand nombre d’échantillons peuvent être préparés sur des plaques de 96 ou 384 puits, 
permettant de réduire drastiquement le temps de préparation des échantillons. De plus, un système 
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de passeur d’échantillons permettant de traiter plus de 8000 échantillons (i.e. 22 plaques de 384 puits) 
est actuellement disponible (Acquity UPLC Sample Organizer, Waters). 
 
Pour conclure, l’UPLC semble être une solution de choix dans les laboratoires pour réduire les temps 
d’analyse et augmenter la productivité, tant du point de vue du développement de méthodes que de 
leur utilisation en routine. Bien que la plupart des laboratoires ne soient pas encore disposés à utiliser 
la haute température en routine, l’apparition de nouveaux équipements et de nombreuses colonnes à 
base de silice thermiquement stables permettra certainement une utilisation facilitée de la HT-UPLC à 
l’avenir. 
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ABSTRACT: 
 
It is demonstrated that the kinetic plot representation of experimental plate height data can also 
account for practical constraints on the column length, the peak width, the viscous heating, and the 
mobile-phase velocity without needing any iterative solution routine. This implies that the best possible 
kinetic performance to be expected from a given tested support under any possible set of practical 
optimization constraints can always be found using a directly responding calculation spreadsheet 
template. To show how the resulting constrained kinetic plots can be used as a powerful design and 
selection tool, the method has been applied to a series of plate height measurements performed on a 
number of different commercial columns for the same component (butyl-parabene) and mobile-phase 
composition. The method, for example, allows one to account for the fact that the advantageous 
solutions displayed by the silica monolith and 5 µm particle columns in the large plate number range of 
the free kinetic plot are no longer accessible if applying a maximal column length constraint of Lmax = 
30 cm. In the plate number range that remains accessible, the investigated sub-2µm particle columns 
in any case perform (at least for the presently considered parabene separation) better than the 3.5 µm 
particle columns or silica monolith, especially if considering the use of system pressures exceeding 
400 bar. The constrained kinetic plot method can also be used to select the best-suited column length 
from an available product gamma to perform a separation with a preset number of plates. One of the 
optimization results that is obtained in this case is that sometimes a significant gain in analysis time 
can be obtained by selecting a longer column, yielding the desired plate number at a larger velocity 
than that for a shorter column. 
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1. INTRODUCTION 
 
As an alternative to the conventionally used plot of H versus u0, it has recently been shown that 
experimental plate height data can also very easily be represented as a plot of t0 versus N.1,2 All this 
requires is taking a scaling value for the pressure drop P and the viscosity and making a 
recombination of all experimentally obtained u0 and H data couples according to eqs 1a and 1b: 
 
 
 
 
 
With this procedure, a series of experimental van Deemter curve data with, for example, 10 velocity 
values is translated into 10 (N, t0) couples visualizing the fully kinetically optimized performance 
potential of the studied support over the entire range of possible N values. The physical meaning of 
this kinetic plot transformation is that it extrapolates a set of van Deemter curve measurements 
obtained on a column filled with a given support and a given length into the kinetic performance of a 
hypothetical series of different length columns (one for each available velocity data point), each 
assumed to contain the same quality support material and each taken exactly long enough to yield the 
maximal allowable pressure drop for the considered velocity. With a very small additional effort, i.e., 
when a retention factor k' and a separation factor are also specified, t0 can be replaced by the 
effective retention time tR [via tR = t0(1+k')] and N can be replaced by the effective plate number Neff 
[via Neff = N(k'/(1 + k'))2], the separation resolution Rs [via Rs = (N1/2/4)((  - 1)/ )(k'/(1 + k'))], or the 
peak capacity [via np = 1 + (N1/2/4) ln(1 + k')].  
The advantage all these possible kinetic plot representations have over the traditional (u0, H) 
representation is that they translate the performance of a given support into a system-independent 
and economically highly relevant performance measure: the analysis time needed to produce N plates. 
As a consequence, they can be used to directly compare supports with a different morphology and/or 
size, as well as systems using mobile phases with different physicochemical properties. The kinetic 
plot representation hence also provides a good basis to assess the kinetic potential of newly proposed 
and developed separation strategies, such as the use of monolithic columns,3-5 ultrahigh pressures,6-8 
and high temperatures.9-11  
The approach of comparing analysis time versus plate number series to assess the kinetic potential of 
different chromatographic systems is certainly not new and has, in fact, already been used since the 
very beginning of the modern chromatographic history. Authors such as Giddings, Knox, Guiochon, 
Poppe, and Tanaka et al. have, for example, used it to compare, respectively, LC with GC,12,13 open-
tubular LC with packed-column LC,14,15 capillary electrochemistry (CEC) with high-performance liquid 
chromatography (HPLC),16 and packed-column LC with monolithic-column LC.4 Since these data were 
always in one or the other way obtained using an iterative computer algorithm, the representation of 
chromatographic performance data in terms of analysis time versus plate number has, however, never 
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become very popular. Now that it has been shown1 that the simple data transformation given in eqs 1a 
and 1b yields exactly the same curve as that obtained via any computer-assisted kinetic optimization 
procedure and can, hence, be directly applied to any set of experimental data, it can be expected that 
this type of performance comparison will be used more frequently in the future.  
Using the kinetic plot method as defined in eq 1, it should, however, be realized that parts of the 
obtained curve can correspond to solutions that are difficult to realize in practice, either because the 
obtained data points relate to impractically large or small corresponding column lengths (L), 
impractically large mobile-phase velocities (u0), impractically narrow peak widths and peak times, 
impractically large friction heat generation, etc. These impractical solutions usually show up in the 
large and the small plate number extremities of the plot.  
Addressing this problem, the present paper describes how such impractical solutions can be avoided 
by applying constraints to the free kinetic plot optimization and how this correction affects the course 
of the optimal kinetic performance curves. In total, five different optimization constraint problems are 
considered (wt and wx, respectively, denote the peak widths in the time and space domains): 
 
 
 
 
 
 
 
 
 
 
 
It is also considered that these constraints should be applicable not only individually but also in all 
possible combinations.  
The velocity constraint considered in eq 2a allows for expressing the existence of an upper limit on the 
mobile-phase velocity u0, a frequently encountered practical limitation. With a few simple 
modifications, only requiring an estimate of the external ( ) and internal ( int) particle porosity, this 
constraint can also be expressed in terms of the interstitial velocity ui, the superficial velocity us, or the 
total flow rate F. Knowing the ratio between the column diameter and the diameter of the detector 
tubing, the umax velocity can also be expressed in terms of an upper limit for the mobile-phase velocity 
in the connection tubing or the detector cell. In addition, considering that the volumetric heat 
generation q caused by the viscous friction effect can be expressed as a unique function of the 
interstitial mobile-phase ui:17 
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The umax velocity appearing in eq 2a can also be used to express the existence of an upper limit on the 
allowable viscous heat dissipation, a highly interesting feature to design and select ultrahigh-pressure 
liquid chromatography (UPLC) solutions. This upper-limit heat generation of course depends on the 
employed column diameter, but all this can be taken into account and calculated using the 
expressions given by, for example, Poppe et al.18 and Knox and Grant.17  
The L < Lmax problem (eq 2b) allows one to account for the practical limitations that often exist on the 
usable column length (e.g., limited heating oven space, the occurrence of long column filling, or 
synthesis problems). The lower-limit column length problem (eq 2c), on the other hand, can, for 
example, be used to express that a column can not, in practice, be made unlimitedly short. The Lmin 
and the Lmax problems can also be combined, for example, to account for the fact that, in many cases, 
only a limited range of column lengths is commercially available. Taking Lmax equal to Lmin, the 
resulting solution is that of a fixed column length plot, i.e., the plot that is obtained if the experimental 
data would be plotted as t0 = L/u0 versus N = L/H, with L a given constant (see also eq 5a). Such fixed 
column length kinetic plots are, hence, very easy to establish and allow one to extrapolate the kinetic 
performances measured on a column with a given length to a column with another length but 
containing the same equally well-packed or homogeneously synthesized support.  
The constraints on the peak time and the spatial peak width given in eqs 2d and 2e can be used to 
express that the extra-column band broadening has to be a given number of times smaller than the 
column band broadening in order to avoid an excessive loss of plate numbers by requiring, for 
example, that wt2/16 > 10 t,extra2.19 Although the peak time is, in the current paper, expressed in terms 
of the velocity of the unretained species (u0, see eq 6a), it is, as already mentioned above, also 
straightforward to replace this velocity by the interstitial velocity, the velocity of the retained species, or 
the velocity in the detector cell. In the latter case, the constraint in eq 2d can be used to express that 
the peaks eluting from the column should be wide enough to leave the detector sufficient time to 
collect the typically required 10 or 20 data points per peak. Introducing the cross-sectional area of the 
column or the detector tubing, the peak width constraints can also easily be expressed in volumetric 
units.  
In the Data Transformation Method section and in the MS Excel "Constrained Kinetic Plot Solution 
Template.xls" file that is freely downloadable from ref 20 and that can be used without any further 
installation procedure, it is demonstrated that the five above-considered constraints can be applied to 
any van Deemter data set without having to resort to an iterative numerical solution routine. As a 
consequence, the constraints can be applied using a simple calculation spreadsheet immediately 
yielding the desired constrained kinetic plot solution once a series of plate height data is pasted in the 
input field. In the Results and Discussion section, the method is applied for various constraint values 
and combinations to a set of van Deemter data collected by measuring the band broadening of butyl-
parabene on six different packed-bed columns with variable particle size (respectively, 5, 3-3.5, and 
sub-2 µm) and on a commercial silica monolith column. All employed experimental data series are 
given in the also freely downloadable "Experimental Data Examples.xls" file.21 Interested readers can, 
hence, always recalculate the results presented further below for other values of the constraints.  
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The reader should note that the presented data relate to a more or less randomly selected case and 
only serve as an example to illustrate the different constraint problems and how they impact the kinetic 
potential of the four major commercially available support classes (5, 3.5, and sub-2 m particles and 
monoliths), and are by no means intended to make a comparison between different manufacturers.  
 
2. EXPERIMENTAL SECTION 
 
Chemicals and Columns. Uracil and 4-hydroxybenzoic acid butyl ester (98%) were purchased from 
Sigma Aldrich. Acetonitrile (HPLC grade) was purchased from both Sigma Aldrich and Panreac 
Quimica (Spain). HPLC-grade water was prepared in-house using a milliQ gradient (Millipore, U.S.A.) 
water-purification system.  
An overview of the employed columns is given in Table 1.The Xterra 5 µm and Xterra 3.5 µm, and the 
Acquity Shield 1.7 m and Zorbax Extended 1.8 µm columns, were respectively provided by Waters 
(Milford, MA) and Agilent Technology (Waldbronn, Germany). The Zorbax 3.5 µm and 5 µm columns 
were purchased from Agilent (Palo Alto, CA). The Onyx monolithic column was purchased from 
Phenomenex (Torrance, CA).  
 
Apparatus and Methodology. All experiments were conducted in the isocratic mode with a 
water/acetonitrile (60:40, v:v) mobile phase, except for the Onyx monolith, where it was found to be 
necessary to adjust the mobile phase to a water/acetonitrile (67:33, v:v) mixture to have the retention 
factor between 6 and 6.5, as was the case for the packed columns. For the 60:40 mixture, the 
monolithic column yielded a retention factor of only 2.7. All experiments were conducted at a 
temperature of 30 C. For the 60:40 (v:v) mobile phase, the viscosity  was estimated to be  = 0.84 
× 10-3 kg/(m·s), and  = 0.86 × 10-3 kg/(m·s) for the 67:33 (v:v) mobile phase.11  
The Xterra 5 µm and Xterra 3.5 µm columns were tested with a Merck LaChrom system (Merck, 
Germany) which consisted of L-7100 programmable pumps which can operate up to 10 mL/min, a L-
7200 autosampler with a 100 µL loop, and a Merck Hitachi UV-vis detector L-7400 with a flow cell of 
3.2 µL. The D-7000 HPLC System Manager software (Merck, Germany) was used for instrument 
control and for data acquisition and data handling. Samples consisting of 200 µg/L uracil and butyl-
parabene were dissolved in a water/acetonitrile (50:50, v:v) mixture. In the 5 µm and 3.5 µm particles 
columns, 3 µL was injected. In the 1.8 µm column, the injection volume was reduced to 1 µL. 
Absorbances were measured at 254 nm, using a constant time of 100 ms and a sampling rate of 20 
Hz.  
The Zorbax 3.5 µm and 5 µm columns and the Onyx monolithic column were tested with a Waters 
Alliance HPLC system equipped with an autosampler, and a Mistral (Spark Holland, Emmen, The 
Netherlands) column oven was used for the determination of the column performance. Samples (5 µL) 
consisting of a mixture of 100 µg/mL uracil and butyl-parabene dissolved in the employed mobile 
phase were injected. Chromatograms were obtained at 254 nm using a sampling frequency of 10 Hz. 
No digital filtering was used, and the same digital integration parameters were used throughout all 
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experiments. The plate heights were calculated using Waters Millenium v4.0 using the USP 
procedures.  
Chromatographic data for the Acquity Shield 1.7 m column and the Zorbax Extend 1.8 m column 
were acquired using a UPLC ACQUITY system (Waters, Milford, MA) which can be used up to 1000 
bar. This instrument includes a binary solvent manager with a maximum delivery flow rate of 2 mL/min, 
an autosampler with a 2 µL loop, a UV-vis with a flow cell of 500 nL, and a column thermostat. Data 
acquisition, data handling, and instrument control were performed by EmpowerTM Software. 
Absorbances were measured at 254 nm, using a constant time of 25 ms and a sampling rate of 40 Hz.  
All reported plate heights, u0 velocities times, and column permeabilities were obtained after correction 
for the system band broadening, t0 time, and pressure drop, measured by removing the column from 
the system and connecting the tubing with a zero-dead-volume connection piece.  
 
3. DATA TRANSFORMATION METHOD 
 
A complete and detailed view of the established data transformation method can be obtained by 
consulting the contents of the preprogrammed cells in the MS Excel template file in ref 20. In brief, the 
file works as follows. Using a field of preprogrammed cells, the inputted van Deemter curve data are 
automatically transformed into six different solution tables that, except for the umax constraint, contain 
one row for each inputted (u0, H) data couple. In the first table, the free kinetic plot solution determined 
by eqs 1a and 1b is calculated, together with the corresponding values for L, wt, and wx. In the five 
subsequent solution tables, similar exercises are made, one for each of the five constraints 
determined by eqs 2a-2e.  
In the solution table relating to the u0 < umax constraint, all u0 and H data are transformed into N and t0 
values using a preprogrammed data series column of continuously decreasing pressure gradient 
values ( Pvar), linearly varying and equidistantly spread between Pmax and 0. Expressing then that 
each data entry corresponds to a column that is operated at u0 = u0,max under the given value of Pvar, 
the length of this column is fixed according to the following: 
 
 
With these lengths (one for each value of Pvar), the corresponding values for N and t0 can be directly 
obtained from 
 
 
 
 
wherein Hmax is the plate height corresponding to the selected u0,max value.  
In the solution tables for the Lmax and Lmin constraints, each experimental (u0, H) data couple is 
transformed into the corresponding N and t0 value by putting L = Lmax and L = Lmin into eqs 5a and 5b, 
respectively: 
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In the table for the peak time constraint problem (cf. eq 2d), the N values are obtained by rewriting the 
expression for the peak time, 
 
 
 
into 
 
 
wherein u0 and H are the experimental data. The thus obtained values for N are then subsequently 
used to calculate the corresponding column length and t0 time using the experimental u0 and H values 
according to 
 
 
 
The solution table for the spatial peak width constraint (cf. eq 2e) is established in a manner that is 
fully similar to that for the peak time constraint, except that wt,min is replaced by wx,min and that u0 does 
not appear in eqs 6a and 6b.  
For each of the six established tables, it is automatically verified whether the solution that is obtained 
for each individual data entry is not in conflict with any of the other constraints or with the pressure 
drop limit, using the "logical if" function of MS Excel. If there is a conflict, the solution is excluded from 
the comparison tables in which all allowable solutions are collected. In these comparison tables, the 
horizontal look-up function of MS Excel is used to identify which one of the allowable solutions that is 
obtained for each individual velocity entry yields the largest plate number or, equivalently, uses the 
largest possible pressure gradient. In this way, the kinetically most advantageous solution is retained 
for each different velocity entry. The accompanying column length and pressure drop values can also 
be easily retrieved in this way. To avoid losing potentially valuable solutions, two comparison tables 
are needed. The first table collects the results for the three maximum problems: maximal column 
length, maximal allowable velocity, and the free kinetic plot, which in fact constitutes the case of 
maximal pressure drop. The second comparison table collects the results for the three minimum 
problems: minimum column length, peak time, and spatial peak width. Because of their nature, the 
three maximum problems always tend to yield the kinetically most advantageous solutions and the 
largest plate numbers (except if velocities in the B-term regime are considered for the L = Lmax case; 
see below). Solutions coming from the minimum constraint table hence only need to be retained if they 
yield solutions in a plate range that is not accessible by the maximum constraint problems. By the 
nature of the problems, this only occurs in the small plate number range. The merged solution of the 
maximum and the minimum problem tables is then finally collected in a solution summary table from 
which the kinetically optimized constrained kinetic plot solution can be drawn, and from which also the 
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accompanying velocities, column lengths, and pressure drops can be plotted (cf. columns CH-CP in 
the template file).  
In some cases, a given range of plate numbers gets two solutions: a "fast" solution corresponding to 
the C-term velocity range solution of the problem, and a "slow" solution, corresponding to the B-term 
velocity range solution. Removing this double solution can simply be carried out by including a u > uopt 
constraint in all the logical if functions that are used to exclude the slow solutions. In the template file,20 
this additional constraint can be switched on or off by filling in "yes" or "no" in cell L3. Filling in "no" to 
remove all B-term dominated solutions that are slower than the corresponding C-term solution, the 
reader should be warned that, in some cases, the solution range can become very narrow or might 
even reduce to a single point. This is not an error but a consequence of the fact that, if a column is so 
long that it can only operate in the B-term dominated velocity range, there is no gain in resolution or 
speed that can be expected by working at a velocity smaller than the maximal velocity. The only 
kinetically optimized solution hence is that of a single data point corresponding to the umax velocity. An 
example of this effect can be seen in Figure 5 further in the paper. However, since normally no one is 
interested in operating a column in the B-term regime at a velocity that is smaller than the maximally 
achievable velocity, the normal setting for cell L3 should be "no".  
Making an in-depth study of the contents of the preprogrammed cells in the MS Excel template20 will 
also reveal that some additional programming was needed to minimize the occurrence of false 
connection lines in the Excel graphs. These false connection lines are an inherent feature of MS Excel 
and occur whenever an x-axis data series is not perfectly sorted. Despite the use of a relatively 
complex logical if instruction set, this problem could not be solved entirely. Additional efforts were not 
made, since the problem only shows up if trying to plot the B-term solutions for which a faster C-term 
solution already exists, a case which is anyhow not very interesting. The false connection lines can 
furthermore also be evaded by leaving the data points unconnected or by removing them manually.  
The solutions obtained with the template file have been extensively compared with the solutions of a 
method based on a numerical solution routine written in Fortran code that, for a wide range of densely 
spread N values, calculates the minimal analysis time that is achievable under each of the five 
different constraints and then picks out the best solution for each considered N. In all cases, identical 
solution curves were obtained.  
 
4. RESULTS AND DISCUSSION 
 
All graphs shown have been produced with a template file similar to the one in ref 20. The only 
difference is that it contained automated macros to facilitate the curve fitting and to remove occasional 
false connection lines between the data points. The experimental (N, t0) data points were obtained by 
pasting an experimental data series in the predestined data input region of the template file. The 
corresponding fitted data curves were obtained by first making an n = 1/3 exponent Knox fit to the 
nonreduced van Deemter data before pasting the result in the data input region. All employed 
experimental and fitted data series are given in ref 21. All solutions given below are represented in 
terms of plots of t0 versus N, but, as already noted in the Introduction, plots of tR versus Neff, Rs, or np 
can be established with the same ease (cf. columns CH-CO in the template file).  
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Figure 1 shows how eq 1 transforms the van Deemter curves of the different investigated columns 
(Figure 1a) into free kinetic plot curves (Figure 1b). The same solution is obtained if filling in an 
impractically large value (for example, 1040) for umax and Lmax and an infinitesimally small value or even 
zero for Lmin, wt,min, and wt,min in the constraint input cells of the template file. As reference lines, the 
Knox & Saleem limit lines corresponding to, respectively, E = 2000 and E = 200 have been added to 
Figure 1 parts b and c (E = separation impedance number). The experimentally observed values for k', 
Kv0, and Emin are all given in Table 1.  
 
Table 1. Details of Investigated Columns and Observed Butyl-Parabene Retention Factor, u0-Based Permeabilities, and Minimal 
Separation Impedances 
column type dp (µm) 
mobile-
phase 
H2O/ACN 
(v/v) 
k' Kv0 (m2) Emin 
Zorbax Stable Bond C18 (4.6 × 150 mm)  5 60/40 6.7 3.0 × 10-14 3800 
Xterra RP 18 (4.6 × 150 mm)  5 60/40 6.5 4.1 × 10-14 3600 
Zorbax Extend C18 (4.6 × 150 mm)  3.5 60/40 6.6 2.7 × 10-14 3900 
Xterra RP 18 (4.6 × 50 mm)  3.5 60/40 6.5 2.2 × 10-14 3400 
Acquity UPLC BEH Shield RP 18 (2.1 × 50 mm)  1.7 60/40 6.5 3.6 × 10-15 4500 
Zorbax Extend C18 (2.1 × 50 mm)  1.8 60/40 5.8 4.5 × 10-15 4300 
Onyx C18 (4.6 × 100 mm)   67/33 6.1 5.0 × 10-14 1800 
 
The experimental van Deemter curves clearly divide in three distinguished bands (Figure 1a): one for 
the 5 µm particles, one for the sub-2 µm particles, and one for the 3.5 µm particles and the silica 
monolith, which more or less yields the same plate heights for the presently considered parabene 
separation.  
The corresponding kinetic plot curves (Figure 1b) also correspond to one's physical expectations: the 
three particle-size families (sub-2, 3.5, and 5 µm particles) strive toward the Knox and Saleem limit 
line22 of E = 2000, while the more open-porous silica monolith allows for breaking through this limit line 
(and no longer falls together with the 3.5 µm particle data), as a reflection of its lower flow resistance. 
It should be remarked here that the observed Kv0 value for the monolithic column is relatively small 
and the Emin value is correspondingly large compared to the usually cited values for silica monoliths.4 
An explanation is not available. The obtained Kv0 value (see Table 1) is, however, in line with the value 
that can be estimated from a recent paper on the Chromolith column, yielding a value of 4.9 × 10-14 
m2.23 The obtained Hmin value of 9 µm is also perfectly in line with the findings in the same paper.  
The fact that the sub-2 µm particle columns lie a little bit further away from the E = 2000 line than the 
3.5 and 5 m particles probably is a reflection of the poorer packing homogeneity, possibly a 
consequence of the broader particle size distribution that is usually obtained for sub-2 µm particle 
batches. In ref 1, the N value at which the kinetic plot curves come closest to the Knox and Saleem 
limit lines has been referred to as the Nopt value. This plate number corresponds to the uopt velocity, 
while the data points left (respectively, right) of the Nopt point relate to velocities in the C-term 
(respectively, B-term) dominated regime.  
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Comparing the three particle sizes, it can clearly be concluded that the Nopt value increases with 
increasing particle size, hence representing the well-known chromatographic knowledge that smaller 
particles are best for small plate number separations and larger particles are better for large plate 
number separations. Because of its very low flow resistance, the silica monolith has its Nopt lying 
around N = 200 000, i.e., relatively far above the range of plate numbers between N = 5 000-50 000 
plates for which most analysts normally target. Put in other words, the monolith support only reaches 
its best kinetic performance in cases requiring extremely long analysis times. In the range of plate 
numbers below N = 50 000 plates, the monolithic column performs about as good as the 3.5 m 
particle columns (slightly better because of its smaller C-term band broadening), but clearly not as 
good as the sub-2 µm particle columns.  
One consequence of the fact that a support has an Nopt value that is larger than the range of plate 
numbers one would like to use it for is that an increase of the pressure will have little or no influence 
on the analysis time. This knowledge should be kept in mind when interpreting the effect of the applied 
inlet pressure, as is done in some of the figures shown later in the paper.  
Figure 1c has been added to demonstrate how the fitted data curves can be extrapolated toward the 
small N range without overestimating the kinetic performance. The problem with the small N range 
curve parts lacking experimental points in Figure 1b is that they are based on the extrapolation of the 
plate height fittings in the C-term dominated range of Figure 1a. They are, hence, subjective to the 
extrapolation error that goes with all existing van Deemter curve fitting models, be it a Knox, van 
Deemter, or Giddings type of model.4,24 Another source of uncertainty is that unaccounted viscous 
heating (cf. eq 3) or extra-column band broadening effects could become apparent at these high 
velocities. To avoid such extrapolation errors, the u0,max constraint given in eq 2a can be used to 
impose that none of the considered systems is allowed to work at a velocity larger than that for which 
an experimental measurement is available. Doing so, and putting u0,max equal to the highest available 
experimental velocity data point, all N values that were in the free kinetic plot in Figure 1b calculated 
with a velocity that was larger than the largest experimental velocity are calculated according to eq 4. 
The obtained result is shown in Figure 1c. The t0 curves now display a clear nod where the u0,max 
constraint takes over from the free kinetic plot. This occurs at the data point having the smallest 
experimental N value in Figure 1b. Below this point, t0 varies in a perfectly linear way with N, as can be 
understood by rearranging eqs 4a-4c into 
 
 
 
To represent that the data that are obtained in this extrapolated small N range correspond to an 
actually measured (u0, H) data couple, this part of the kinetic plot curves now also bears a number of 
additional experimental data points. These should be considered as "lowered-pressure" experimental 
data points, i.e., these are experimental data points that would be obtained in a series of 
correspondingly shorter columns with a length and pressure drop given by the Lvar expression in eq 4a 
to ensure that each column operates at u0 = u0max and yields the corresponding, experimentally 
determined Hmax value. Selecting the number and position of these lowered-pressure pressure data 
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points can again be carried out using logical if-functions. In the template file, the number of low-
pressure u0,max data points can be selected by filling in the desired number in cell N5.  
As can be noted, the difference between the small N range solutions in Figure 1b and in Figure 1c is 
not very large but is meaningful enough to consider. The reader should, however, realize that the price 
that needs to be paid for this safe extrapolation is that the largest explored experimental velocity 
should lie well above the uopt velocity (preferably umax,exp > 3uopt). This requirement is similar to the 
requirement needed to make an accurate measurement of the C-term constant.  
 
Figure 1 (a) Experimental van Deemter curves (black solid square, 5 m Xterra; black solid triangle, 5 m Zorbax Stable Bond; 
blue solid square, 3.5 m Xterra; blue solid triangle, 3.5 m Zorbax Extend; red solid square, 1.7 m Acquity Shield; red solid 
triangle, 1.8 m Zorbax Extend; open square, Onyx monolith); (b) corresponding free kinetic plots with indication of the Nopt 
points; and (c) corresponding kinetic plots with umax equal to the highest applied experimental velocity on each column. The 
dashed lines correspond to the Knox and Saleem limits with, from top to bottom, E = 2000, E = 200, and E = 20. All curves were 
calculated for Pmax = 400 bar and for the viscosity of the actually employed mobile phase.  
 
220 
___________________________________________________________________ 
To get a better grip on the impact of the different constraints given in eq 2, the free kinetic plot of the 
3.5 µm Xterra column has been compared to the solutions obtained by applying each of the five 
different constraints in eq 2 individually (Figure 2a). The experimental data points were removed for 
the sake of clarity. The free kinetic plot solution is no longer visible as such, because it is fully covered 
by the constrained problem results. Its original shape can, however, be reconstructed by following the 
bottom enveloping curve. While the u < u0,max problem yields a deviation from the free kinetic plot 
curve that has already been discussed in Figure 1c (t0 N), the Lmax problem limits the achievable 
maximal plate number and shows a sharp increase of the analysis time once it deviates from the free 
kinetic plot curve. The Lmin problem, on the other hand, limits the achievable minimal analysis time. 
Despite their apparent similarity, the peak time problem and the spatial peak width constraint clearly 
have a different effect on the resulting kinetic plot. Whereas the minimal peak time problem leads to a 
regime wherein the t0 values slowly decrease according to a t0 N1/2 relation (see eq 7 further below), 
the minimal spatial peak width problem does not alter the t0 times until a sudden jump to large t0 times 
is made (similarly to what happens for the Lmin problem).  
 
The upward "jumps" that are observed for the Lmin and the Wx,min problem in the small N range are 
caused by the fact that, when the C-term range velocities become so large that they get in conflict with 
the applied constraint, it is, in principle, still possible to further lower the plate number that is 
accessible with the given support type by jumping toward the B-term dominated velocity range. These 
solutions, however. lead to a dramatic increase in analysis time, hence the sudden "jump". If desired, 
and as already mentioned above, such slow solutions can be filtered away by filling in the word "no" in 
cell L3 of the template file to trigger a logical if decision to leave out these B-term dominated solution 
points from the final solution.  
Figure 2b shows the result that is obtained if the five constraints are applied simultaneously. The free 
kinetic plot solution is given in overlay to serve as a reference. As can be noted, applying the five 
constraints simultaneously generates a stronger effect than just the sum of the individual constraints, 
which would be the curve that would be obtained by taking the upper envelope of the curves shown in 
Figure 2a. The explanation for this is that some of the individual constraint solutions that are drawn in 
Figure 2a still violate at least one of the other constraints. When all constraints are combined, these 
solutions also have to be discarded or adjusted.  
Establishing (N, t0) kinetic plots, it is also always interesting to see how the corresponding column 
length, mobile-phase velocity, and pressure drop vary with N. To avoid presenting too many graphs, 
the L, u0, and P plots are, however, not given here. The reader can always obtain them using the 
provided example data21 and the template file,20 where the L, u0, and P solutions are given in 
separate graphs. To anyhow give a clue on how the mobile-phase velocity varies along the obtained t0 
solution curves, it is, in most of the presented graphs, indicated that the small N solutions always 
correspond to the largest mobile-phase velocities, while the large N solutions always correspond to the 
slowest velocities (see, e.g., Figures 3 and 4).  
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Figure 2 (a) Free kinetic plot (green solid line, hidden behind other curves) and constrained kinetic plot solutions obtained under 
the application of each of the five different possible constraints for the 3.5 µm Xterra column (applied constraints: u0,max = 3 
mm/s (red solid line), Lmax= 30 cm (blue solid line), Lmin = 5 cm (blue dashed line), wt,min = 1 s (black dashed line), and wx,min = 6 
mm (black solid line); (b) Kinetic plot solution obtained if the five constraints used in (a) are applied simultaneously (green solid 
line) and comparison with the free kinetic plot curve. 
 
Figure 3 shows what is left of the kinetic potential of the different supports if the column length can 
only be selected between 1 and 30 cm, i.e., the typical range of lengths wherein most commercial 
columns are sold. The most striking and obvious effect of this constraint is that the range of large plate 
numbers where the more permeable 3.5 µm particle columns and the highly permeable 5 µm particle 
and silica monolith columns performed much better than the sub-2 µm particle columns in the free 
kinetic plot is no longer accessible. Instead, the maximal plate number that can be achieved lies 
somewhere around N = 50 000. The sub-2 µm particle columns yield the fastest analysis times over 
the entire accessible plate number range, while the 5 µm particle columns consistently yield the 
slowest separations. The investigated silica monolith and 3.5 m particle columns lie between both 
cases.  
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Figure 3 (a) Kinetic plot solutions obtained for the combined constraints of 1 cm < L < 30 cm for Pmax = 400 bar (150 bar for 
the silica monolith) and by applying the u0,max = u0,max,exp limitation. In (b), the pressure is raised from 400 to 700 and 1000 bar for 
the 1.7 µm Acquity Shield and the 1.8 µm Zorbax Extend particles, also applying the u0,max = u0,max,exp limitation. The same color 
and symbol codes are used as in Figure 1. The dashed-line construction has been added to investigate the influence of the 
pressure for an N = 40 000 plates separation.  
 
A characteristic feature of the sub-2 µm particle columns is that they yield steeper t0 curves than the 
other support types, as a reflection of their smaller permeability. As a consequence, the gain in 
analysis time offered by the sub-2 µm particle columns is larger in the small N range than in the large 
N range, where the advantage compared to the 3.5 µm and the silica monolith nearly completely 
disappears (at least for the Pmax = 400 bar case considered in Figure 3a). The nod in the t0 curves is, 
similar to the case in Figure 1c, due to the application of the u0,max = u0,max,exp constraint that was used 
to obtain a fully safe estimation of the separation velocities in the small N range.  
For the silica monolith, it was found that the Pmax value could be lowered from 400 to 200 bar without 
noting a significant change in the obtained t0 curve. Since the 200 bar value also corresponds better to 
the usual operation limit of monolithic columns, and since the monolithic column curves in Figure 4 
were also found to be insensitive to a Pmax increase above 200 bar, all monolithic column data series 
presented in Figures 3 and 4 relate to the Pmax = 200 bar case.  
Investigating the influence of an increased inlet pressure for the packed columns, it was found that an 
increase above 400 bar no longer had any influence on the position of the t0 curves for the 3.5 and 5 
m particle columns. This is due to the fact that the velocities relating to the t0 curves for the 3.5 and 5 
m particles in Figure 3a are already situated in the C-term dominated range and, hence, experience no 
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pressure-drop limitation. The sub-2 µm particle columns, on the other hand, can clearly still benefit 
from a raised inlet pressure (Figure 3c), in agreement with their smaller permeability and the 
corresponding much-steeper variation of t0 with N noted in Figure 3a.  
Besides the clear positive effect of operating the system at the highest possible pressure, Figure 3b 
also shows that the gain obtained by switching from 400 to 700 bar is more substantial than the gain 
stemming from the additional pressure increase from 700 to 1000 bar. Considering Figure 3a for N = 
30 000 plates, for example, the t0 time reduces roughly from ~260 to 80 s if the inlet pressure is 
increased from 400 to 700 bar (approximately a 3.25-fold reduction in t0 for a 1.75-fold increase of the 
pressure), whereas a supplementary inlet pressure increase from 700 up to 1000 bar can only be 
expected to reduce the t0 time from 80 to 55 s (approximately a 1.45-fold reduction of the t0 time for a 
1.4-fold increase of the pressure). For separations requiring <40 000 plates, the relative gain between 
400/700 bar on one hand and 700/1000 bar on the other hand is even less. For separations requiring 
>40 000 plates, it is more. In absolute terms, the 1000 bar data, however, always yield the fastest 
analysis.  
 
Figure 4 (a) Kinetic plot solutions obtained for the combined constraint L < 30 cm and wt > 1 s for Pmax = 400 bar (200 bar for 
the silica monolith). In (b), the pressure is raised from 400 to 700 and 1000 bar for the 1.7 µm Acquity Shield and the 1.8 µm 
Zorbax Extend particles. The same color and symbol codes are used as in Figure 1.  
 
In Figure 4a, it is investigated how the kinetic performance of the supports is limited if the constraint on 
the minimal column length is replaced by a constraint on the peak time. As can be noted from the 
difference with the curves in Figure 3, the impact of replacing the Lmin = 1 cm constraint by the wt,min = 
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1 s constraint is quite severe, and a lot of the advantageous small plate number range solutions that 
were accessible in the cases considered in Figures 1 and 3 are now lost. Increasing the pressure 
again has a positive effect, but only in the large N range. The fact that all support types reach the 
same limiting line is caused by the fact that eq 6 fixes the t0 time that corresponds to each desired 
value of N, as can be noted by rewriting eq 6b using t0 = NH/u: 
 
 
 
This expression is independent of the (u, H) relationship, hence explaining why all support types 
coincide. Equation 7 also shows that t0 decreases according to N1/2 under the peak time constraint. 
This is a different power than the relation obtained under the umax constraint, for which t0 varies linearly 
proportional with N (cf. eq 7).  
Similar to the case with the Lmin constraint shown in Figure 3, the application of pressures larger than 
400 bar only has an effect on the position of sub-2 m particle column curves. Also similar to the case 
shown in Figure 3, the advantage of going from 400 to 700 bar is more significant than the additional 
gain obtained by additionally increasing the pressure up to 1000 bar (Figure 4b). This could be 
considered as a reflection of the law of diminishing returns19 that so often comes into effect in HPLC.  
In Figure 5a, it is shown how, once a given support is characterized by a van Deemter curve, the 
constrained kinetic plot method can be used to help select the column length yielding the shortest 
analysis time for a given number of plates. To obtain the curves shown in Figure 5a, the van Deemter 
curve series for one of the sub-2 µm particle columns was subjected to nine different fixed column 
length constraints (obtained by putting Lmin = Lmax in the constraint template file20). Making such fixed 
length kinetic plots can also be done without the aid of the Excel template.20 All this requires is taking 
the (u0, H) data couples and subjecting them to the transformation given in eq 5. The only thing the 
Excel template file20 does additionally is filter away the solutions that are in conflict with the pressure-
drop limitation. To prevent obtaining solutions with unrealistically large mobile-phase velocities, the u0 
velocity was limited to 10 mm/s in all cases in Figure 5 parts a b.  
Figure 5a, which is also representative for the other investigated sub-2 m particle columns, shows 
how the method sometimes yields t0 curves that partly increase with decreasing plate number for 
column lengths >5 cm. This is a consequence of the fact that the curves were drawn without filtering 
away the B-term solutions for which already a better C-term solution exists. The arrows denote how 
the use of increased inlet pressure helps to get the highest velocity point (denoted by the open circle, 
square, and triangle symbols) out of the B-term regime. The result obtained if leaving out the slow B-
term solutions is shown in the overlay plot in Figure 5b (black data, 1000 bar case only). The L = 20 
and 15 cm columns there only have one operation point, as a consequence of the fact that they can 
only be operated in the B-term regime, even at 1000 bar. In our opinion, the representation method 
adopted for the sub-2 µm data in Figure 5b (obtained by filling in "no" in cell L3 in the template file) is 
to be preferred over that in Figure 5a.  
The open symbols denote how the high-velocity end of the t0 curves shifts under influence of the 
applied pressure. The low-velocity end of the curves (marked by the crosses) is always the same for 
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the three considered pressures. This allows one to see how the range of accessible plate numbers of 
the columns increases with increasing pressure. Taking the L = 7.5 cm column in Figure 5a for 
example, the column has only one kinetically optimized operation point (open circle) at 400 bar, while 
the application of 700 bar (open square) and 1000 bar (open triangle) obviously increases the range of 
plate numbers that is accessible with the column. The obtained t0 curves also clearly illustrate why a 
product gamma containing many different column lengths in the range below 5 cm is needed to be 
able to completely cover the N < 10 000 plates range with sub-2 µm particle columns.  
Figure 5b shows that the 3.5 m particle columns (red data, fully similar plots are obtained for the 5 
m particles and the monolithic column) all display a "normal" behavior (analysis time decreases with 
decreasing plate number), even at 400 bar. All the considered column lengths hence provide some 
degree of freedom to switch between fast and easy separations to more difficult and slower 
separations on the same column. The range of accessible plate numbers for each column length is 
also consistently larger than that for the sub-2 µm particles shown in overlay plot, especially in the 400 
bar case. Taking the ensemble of all possible column lengths, the sub-2 µm particles, however, 
always clearly enable the fastest separation, even though they sometimes only have a single 
kinetically optimized operation point (see open symbols for L = 15 and 20 cm columns).  
 
Figure 5 (a) Fixed-length kinetic plots for nine different column lengths for the 1.7 µm Acquity particles (L = 1, 2, 3, 4, 5, 7.5, 10, 
15, and 20 cm) for three different values of the pressure gradient ( Pmax = 400, 700, and 1000 bar) and for umax = 10 mm/s. The 
low-velocity end of the curves is denoted by a cross (×). The open circles, squares, and triangles are used, respectively, to 
represent the high-velocity end of the curves for 400, 700, and 1000 bar. The arrows denote how this point shifts under the 
influence of the applied pressure. (b) Fixed-length kinetic plots (red solid line) for nine different column lengths for the 3.5 µm 
Zorbax Extend particles (L = 2, 3, 4, 5, 7.5, 10, 15, 20, and 30 cm) for three different values of the pressure gradient ( Pmax = 
400, 700, and 1000 bar). The 1.7 µm Acquity particle data shown in (a) are given in an overlay plot (black solid line). The 
dashed-line construction has been added to investigate the difference in t0 between an L = 10 cm and L = 15 cm column if N = 
10 000 plates would be needed.  
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The fixed column length plots as shown in Figure 5 are also perfectly suited to determine the column 
length yielding the fastest separation for a given desired number of theoretical plates. For example, if 
desiring to make an N = 10 000 plate separation with a 3.5 µm particle column, a reduction of about a 
factor of 2 in analysis time can be made by using an L = 15 cm column and operating it near the 
maximal velocity instead of using an L = 10 cm column operated at a smaller velocity (see dashed-line 
construction). For N = 12 000, for example, this difference is even considerably larger.  
 
5. CONCLUSIONS 
 
Whereas the free kinetic plot representation of experimental plate height data allows for predicting the 
ultimate kinetic performance limits of a given tested support, the constrained kinetic plot method can 
be used to redress this theoretical potential into what is practically achievable on a given instrument or 
under given experimental conditions. With this addition, the kinetic plot method allows comparing the 
quality of different chromatographic systems not only on the same foot (i.e., using the analysis time as 
a universal performance measure) but also by directly taking practical instrument or column 
manufacturing related constraints into account.  
Comparing typical representers of the four major commercially available chromatographic support 
classes (5, 3.5, and sub-2 µm particles and monoliths) to illustrate the functioning and the possibilities 
of the constrained kinetic plot method, it was, for example, found that the advantageous large N range 
solutions offered by the silica monolith and the 5 µm particle column are no longer accessible if 
applying a typical maximal column length constraint of Lmax = 30 cm. Under this constraint, and for the 
presently considered parabene separation, the sub-2 µm particle columns obviously constitute the 
best system over the entire range of accessible plate numbers (running up to N = 50 000), especially if 
considering a system pressure larger than 400 bar. Increasing the system pressure in this range of the 
kinetic plot is, in relative terms, more advantageous between 400 and 700 bar than the additional gain 
that can be obtained by going from 700 to 1000 bar.  
The method can also be used to select the optimal support and optimal column length under the 
constraint that the detector should be left sufficient time to record at least 10 or 20 data points per 
peak. Under this constraint, large parts of the advantageous small N range solutions offered by the 
sub-2 µm and the 3.5 µm particles and the silica monolith are no longer accessible and the t0 curves of 
all different considered columns fall together on the same limiting line.  
Another possible application of the constrained plotting method is that it can be used to avoid the fact 
that parts of the kinetic plot fitting curve would correspond to velocities that are larger than the 
experimentally accessible range. This prevents errors caused by insecure model extrapolations or 
unaccounted viscous heating effects, while still obtaining useful solutions in the small N range.  
The possibility to make instant-ready optimizations makes the currently described plotting method also 
ideally suited to determine the plate number range that will be accessible for a column with a given 
length or to rapidly decide which one of the available column lengths of a given product gamma yields 
the fastest analysis time for a given desired number of theoretical plates. This can be achieved by 
plotting the same van Deemter data series for a number of different fixed column lengths. Doing so, it 
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was found that, in some cases, a significant gain in analysis time (up to a factor of 2) can be obtained 
by selecting a longer column, yielding the desired plate number at a larger velocity than that for a 
shorter column.  
The study has also shown that the inherent smaller permeabilities of sub-2 m particle columns leads 
to t0 versus N characteristics that are steeper and shorter (i.e., offering a smaller range of accessible 
plate numbers) than those of the more permeable 3.5 m particle and silica monolith columns. This 
shows that, with their shorter range of accessible plate numbers, it is important that sub-2 m particle 
columns are available in a many different column lengths, especially in the sub-5 cm range. Increasing 
the system pressure helps in alleviating this problem.  
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7. SYMBOLS 
 
dp = particle diameter in packed bed (m)  
E0 = t0-based separation impedance (E0 = H2/Kv,0)  
H = height equivalent of a theoretical plate (m)  
k' = phase retention factor  
Kv0 = column permeability based on u0 (m2)  
L = column length (m)  
np = peak capacity  
N = plate number  
Neff = effective plate number (Neff = Nk'2/(1 + k')2)  
Nopt = plate number yielding the best possible analysis time/pressure cost ratio (see Figure 1b)  
q = volumetric heat generation (W/m3)  
t0 = dead time of a column (s)  
tR = retention time, related to t0 according to tR = t0(1 + k'), (s)  
u0 = mean velocity of permeating but nonretained solute (m/s)  
u0,max,exp = largest experimentally investigated velocity (m/s)  
u0,opt = nonretained solute velocity yielding the minimal plate height Hmin (m/s)  
wt = peak time (s)  
wx = peak width (m)  
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Greek Symbols  
= separation factor  
P = pressure drop (Pa)  
= dynamic viscosity (kg·m-1·s-1)  
 
Subscripts  
exp = experimental values  
max = maximal  
opt = optimal  
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ABSTRACT : 
 
For several years, sport federations have decided to be very stringent against doping. Therefore, 
athletes are tested for the presence of forbidden substances mainly in urine, but also increasingly in 
blood, during competition and training periods (out-of-competition tests). Sample collection and 
analysis are strictly regulated by the World Anti-Doping Agency (WADA) and are only performed by 
accredited staff-members and laboratories. Today, it is estimated that there are more than 150’000 
tested samples per year over the world, mainly in Europe and this number is doomed to rapidly 
increase. The constraints on response time are becoming more difficult with results needed within 24 
or 48 hours. Generally, the analysis of a sample occurs in two steps : a rapid screening is first 
operated and in the case of a positive result, a confirmatory analysis, together with quantitative 
measurements for some threshold substances, is performed. Therefore, particularly at the screening 
level, powerful, rapid and simple analytical methods, as generic as possible, are absolutely necessary 
to deal with the increasing number and complexity of controlled samples. 
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1. INTRODUCTION : 
 
For several years, sport federations have decided to be very stringent against doping. Therefore, 
athletes are tested for the presence of forbidden substances mainly in urine, but also increasingly in 
blood, during competition and training periods (out-of-competition tests). Sample collection and 
analysis are strictly regulated by the World Anti-Doping Agency (WADA) and are only performed by 
accredited staff-members and laboratories. Today, it is estimated that there are more than 150’000 
tested samples per year over the world, mainly in Europe and this number is doomed to rapidly 
increase. The constraints on response time are becoming more difficult with results needed within 24 
or 48 hours. Generally, the analysis of a sample occurs in two steps : a rapid screening is first 
operated and in the case of a positive result, a confirmatory analysis, together with quantitative 
measurements for some threshold substances, is performed. Therefore, particularly at the screening 
level, powerful, rapid and simple analytical methods, as generic as possible, are absolutely necessary 
to deal with the increasing number and complexity of controlled samples. 
 
2. ANALYTICAL PROCESS 
 
Due to the complexity of blood (i.e. plasma) and urine matrices and the low levels of screened 
substances among a large amount of endogenous compounds, sample preparation is mandatory in 
order to remove usual interferents (such as salts, proteins, fatty acids, etc) and to lower the limits of 
detection. Thus, the analytical process is made up of four distinct steps, namely : sample preparation, 
separation, detection and data analysis. Today, liquid chromatography coupled with mass 
spectrometry (LC-MS) is considered as the gold standard for analyzing drug substances at low 
concentration levels, even if other analytical techniques such as gas chromatography and capillary 
electrophoresis coupled with different detectors as well as immunoassays remain of great interest. 
However, analysis time is often a critical factor due to complicated and tedious sample preparation 
steps and LC separations. These must be reduced in order to increase the throughput of these 
assays. 
The main objective of this paper is to describe a complete strategy for the rapid and selective analysis 
of doping substances in biological matrices. 
 
3. SAMPLE PREPARATION 
 
With urine matrices, different sample preparation procedures can be used according to both screened 
substances and selected analytical method. However, due to the low amount of investigated analytes 
in biological samples, the “dilute and shoot” procedure [1], as well as the direct injection of filtered 
urine is generally not recommended even with a powerful LC-MS/MS technique. Moreover, automated 
sample preparation in LC-MS (e.g. column switching), which been successful in drug analysis [2], can 
not be considered as a valuable strategy in doping control to avoid any carry over risk and to ensure 
sample independence. Besides, an on-line solid phase extraction (SPE) procedure is adapted to a 
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dedicated analysis (e.g. therapeutic drug monitoring, pharmacokinetic study) but not to the analysis of 
a broad range of analytes present at very low concentrations. Furthermore, the same sample could 
require the use of different and orthogonal analytical methods to unambiguously prove the presence of 
a prohibited substance. Therefore, off-line sample preparation procedures, such as liquid-liquid 
extraction (LLE) and off-line SPE, are preferred. The former has been largely used and presents 
advantages in terms of efficiency, simplicity and cost. However, it suffers of some drawbacks such as 
the long time required for performing a complete procedure and a lack of possibilities for automation. 
For these reasons, SPE is considered as the method of choice. 
With plasma samples, the same issues arise and, therefore, a simple protein precipitation (PP) prior to 
analysis is often not sufficient. Different specific sorbents such as affinity columns and proteome 
partitioning kits have recently been developed for the extraction of particular compounds such as 
doping substances. As reported in the World Anti-Doping Agency (WADA) list available on the internet 
[3], these compounds are of different nature and comprise various families such as stimulants, 
anabolic steroids, diuretics, β-blockers, opiates, cannabinoids, glucocorticosteroids, 2-agonists, 
proteins, anti-estrogens, hormones, etc. Thus, many of the latter possess hydrophobic moieties as 
well as basic or acidic functions which can be extracted with hydrophobic or mixed mode materials for 
gaining selectivity [4]. Furthermore, new extraction sorbents used in SPE are now compatible with the 
direct injection of blood samples, since proteins are excluded when large loading flow rates are 
applied [5]. 
In conclusion, off-line SPE is a generic approach which can be used for urine and blood samples. It is 
versatile, easy to perform and can be compatible with several analytical methods. Furthermore, its 
automation has already been described [6] and a large number of samples can be prepared using 96- 
or 384-wells plates drastically reducing the average sample preparation time (e.g. 96 samples 
extracted in less than three hours, all steps included). 
 
4. LC-MS ANALYSIS 
 
As mentioned above, LC-MS is presently considered as the gold standard for such analyses. For 
performing rapid and efficient separations, different strategies have been implemented in the last five 
years [7]. One attractive alternative is the use of sub-2µm particles packed in short chromatographic 
columns. With this material, it is possible to significantly reduce the analysis time, while maintaining 
efficiency and sensitivity constant [8]. For example, using the appropriate fundamental equations of 
chromatography [9], the analysis time can be reduced by a factor 10 to 20 maintaining a good 
resolution [10] in comparison with conventional methods (Figure 1) for the analysis of a set of doping 
substances. It can be noted that due to the thinness of peaks, detectors (i.e. UV-Vis and MS) with high 
acquisition rates (> 40Hz) are mandatory. However, these small particles induce a large back pressure 
and a dedicated instrumentation compatible with very high pressures (i.e. 1000 bar) is required.  
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Figure 1. UPLC-UV separation of 36 substances comprising stimulants, diuretics, and β-blockers. 
 
Since 2004, instruments which allow performing separations of complex mixtures within a couple of 
minutes (Figure 2) were commercialized (e.g. Ultra Performance Liquid Chromatography (UPLC)). 
 
Figure 2. Schematic representation of proposed solution for fast analysis. 
 
5. CONCLUSION 
 
For screening and confirmatory analysis of doping substances in biological matrices (i.e. urine and 
plasma), a generic approach can be easily implemented to reduce the time response delivery while 
maintaining high chromatographic performance. For this purpose, an off-line SPE performed 
automatically in 96- or 384-well plate formats can be directly coupled to a UPLC-MS system as shown 
in Figure 2. With this strategy, it is possible to analyze 100 samples per day (8 hours) per instrument 
corresponding to a result each 5 minutes. Of course, this procedure could be implemented in systems 
which permit the injection of prepared well-plates and be compatible with using columns packed with 
sub-2µm particles (in terms of maximal reachable pressure and detection acquisition rates). 
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ABSTRACT 
 
En chromatographie liquide, diverses stratégies permettent aujourd’hui de réduire les temps d’analyse 
afin d’obtenir des résultats analytiques dans des délais de plus en plus courts. La réduction de la 
longueur de la colonne (≤50mm), la réduction du diamètre des particules (<3µm), l’utilisation de 
hautes pressions (>400bars) ou de hautes températures (>100°C) et l’utilisation de phases 
stationnaires monolithiques sont parmi les approches les plus répandues. 
 
Ce travail porte plus particulièrement sur l’utilisation de la chromatographie liquide à ultra haute 
performance (UPLC) avec laquelle il est possible de diminuer significativement les temps d’analyse 
sans perte d’efficacité. Cette technologie utilise des phases stationnaires de faible granulométrie (sub-
2µm) avec un système permettant de travailler à hautes pressions (jusqu’à 1000 bars) et d’atteindre 
des débits élevés. 
 
Les objectifs de cette étude ont été dans un premier temps d’évaluer les performances potentielles de 
ce système grâce à un mélange de solutés tests. La seconde étape a été le transfert de méthodes 
développées sur des colonnes de géométries conventionnelles (4.6 x 150 mm, 5 µm) en analyse 
pharmaceutique vers l’UPLC. Le travail a été effectué sur des formulations pharmaceutiques, en mode 
isocratique et en mode gradient. Les avantages et inconvénients de l’HPLC et l’UPLC ont été 
comparés en termes d’efficacité, de sensibilité, de résolution et de capacité de pics. Finalement, la 
validation d’une méthode transférée sur UPLC a été effectuée selon les critères ICH utilisés dans le 
domaine pharmaceutique. 
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ABSTRACT 
 
Different strategies could be used to decrease analysis time, but practically it is not so easy to 
decrease analysis time while maintaining acceptable efficiency, resolution and backpressure. 
 
High Temperature Liquid Chromatography (HTLC) allows the use of high flow rates (5 to 10 times 
higher than conventional LC) without generating loss in efficiency or increase in backpressure by 
lowering the mobile phase viscosity and increasing diffusion coefficients. However, this method is not 
yet considered routinely, due to the limited stability of conventional silica-based packing materials at 
very high temperature and the need of special instrumental care to avoid thermal mismatch 
broadening. 
 
Reducing simultaneously column length (≤50mm) and particles size (sub-2µm) is another possibility to 
decrease analysis time (up to 15 times compared to conventional LC) without any loss in efficiency. 
However, sub-2µm particles size generate high backpressure, specific chromatographic system 
(UPLC) and stationary phase (Acquity columns) compatible with extremes pressures (up to 1000 bar) 
become necessary. 
 
This work presents both techniques and compare possibilities of HTLC and UPLC with theoretical and 
experimental results. The combination of the two approaches was also investigated. Separations of 
pharmaceutical compounds were obtained in isocratic and gradient mode, and compared with 
conventional LC.  
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ABSTRACT 
 
Pharmaceutical industry has always been interested by new technologies for increasing productivity in 
a shorter time. Fast liquid chromatography (LC) starts to be widely used in routine analytical work, 
method development, process monitoring and quality control. 
 
In LC, there are different approaches to reduce analysis time in order to obtain fast or ultra-fast 
methods with cycle times less than 5 or 1 min, respectively. Several strategies exist such as the 
reduction of column length (≤ 50 mm), increase of mobile phase flow rate, reduction of particle size (≤ 
2 µm), work at high pressure (≤ 1000 bar), use of monolithic supports or use of high temperature (≤ 
200°C). These approaches are not equivalent and it is not obvious to decrease analysis time by 
maintaining good peaks resolution. Therefore, in most of the cases, combination of several strategies 
is used.  
 
This study presents the different techniques and compares them to conventional LC, with theoretical 
and experimental results. Advantages and drawbacks (resolution, peak capacity, instrumentation, etc.) 
of these different approaches are discussed in this work. 
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ABSTRACT 
 
In pharmaceutical analysis, there is an ever increasing demand to augment the sample throughput. 
This has provided the need for HPLC column manufacturers to introduce new stationary phases and 
wider range of column geometries to meet the requirements of speed, high sensitivity and reduced 
sample availability. In order to avoid high backpressure into the system at high mobile phase velocity, 
different strategies have been developed such as the use of monolithic stationary phases, large 
particles diameter supports, short or wide columns. 
 
With a running time of few seconds instead of minutes, chromatographic performances can be 
affected. In this work, different supports compatible with high flow-rate were studied and compared. 
For this purpose, neutral and basic test compounds were injected at different flow-rates on the 
selected supports and their chromatographic parameters were measured and compared. Using a test 
already developed for comparing stationary phases at conventional flow rate [1]. 
 
 
[1] Stella C., Seuret P., Rudaz S., Carrupt P.-A., Gauvrit J.-Y, Lanteri P., Veuthey J.-L. J. Sep.Sci. 2002, 25, 1351-1363. 
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ABSTRACT 
 
 
Donepezil, (+)-2-(benzylpiperidin-4-yl)-methyl]-5,6,-dimethoxyindan-1-one monohydrochloride, is the 
second drug approved by the FDA for the treatment of Alzheimer’s disease. Donepezil is a reversible 
cholinesterase inhibitor, with a high specificity for centrally active cholinesterase (such as 
acetylcholinesterase). Donepezil is a racemate (R-donepezil, S-donepezil) due to the presence of an 
asymmetric carbon atom. 
 
O
H3CO
H3CO
N
 
 
 
Chiral separations of drug enantiomers by hifh performance liquid chromatography (HPLC) have 
progressed greatly in recent years and many chiral separation phases have been developed. 
Methods reported for the enatioseparation of donepezil in HPLC, from literature, are based on protein 
based chiral stationary phase (CSP) [1,2,3]. The aim of the present study is to separate donepezil 
enantiomers by HPLC, using a cellulose based CSP namely Chiralcel© OJ-RH. The impact of mobile 
phase composition, temperature and flow-rate upon resolution and analysis time was evaluated. The 
proposed method was applied to the determination of donepezil in spiked plasma. 
 
[1] Kenji M., Yoshiya O., Hiroshi N., Tsutomu Y., J. Chrom. B, 729 (1999) 147-155.. 
[2] Kenji M., Yoshiya O., Shigeru T., Naoki A., J. Chrom. A, 694 (1995) 209-218. 
[3[ Jun H., Chikako S., J. Chrom., 577 (1992) 95-102. 
 
* 
-HCl 
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ABSTRACT 
 
La nécessité  d’analyser un nombre croissant d’échantillons et de générer des résultats dans des 
délais de plus en plus courts a conduit au développement de nouvelles techniques 
chromatographiques permettant de réduire les temps d’analyses. 
 
 
Plusieurs possibilités existent pour obtenir des analyses rapides telles que l’utilisation de supports à 
particules de faible diamètre (sub-2µm). La réduction du diamètre des particules permet d’améliorer 
l’efficacité de la séparation et de travailler à des vitesses linéaires plus élevées sans sacrifier la 
résolution. En revanche, ces supports chromatographiques génèrent, tout comme les hauts débits, de 
fortes contre-pressions. Ainsi, de nouveaux instruments apparus récemment permettent de travailler à 
des pressions pouvant atteindre 1000 bar (Ultra High Pressure Liquid Chromatography ou UPLC). 
L’utilisation de phases stationnaires résistantes à de telles pressions est dès lors requise. 
 
 
Le comportement chromatographique des colonnes sub-2µm provenant de différents fabricants a été 
testé avec une série de parabènes et les supports chromatographiques sélectionnés sont comparés 
dans ce travail, via la détermination de l’impédance de séparation, la résistance à l’écoulement, etc. 
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ABSTRACT 
 
Diminuer les temps d’analyse permet de traiter un plus grand nombre d’échantillons et de générer une 
quantité croissante de résultats dans des délais de plus en plus courts. Le développement de 
nouvelles techniques chromatographiques permet d’obtenir des analyses rapides. 
 
Ainsi, il est possible de recourir à diverses stratégies, tels que : réduction de la longueur de la colonne, 
augmentation du débit de la phase mobile, réduction du diamètre des particules, travail à haute 
pression, utilisation de supports monolithiques ou utilisation de la haute température. Ces approches 
ne sont pas équivalentes et il n’est pas toujours évident d’augmenter la vitesse d’analyse tout en 
maintenant une bonne résolution des pics chromatographiques. C’est pourquoi, dans la plupart des 
cas, la combinaison de plusieurs stratégies est utilisée. 
 
La majorité des méthodes développées en analyse pharmaceutique sont disponibles sur colonnes 
conventionnelles. Cette étude se porte sur le transfert de méthodes existantes permettant de réduire 
significativement les temps d’analyse : utilisation de colonnes courtes (20-50mm) et de faible 
granulométrie (3.5 m). 
 
Les avantages et inconvénients (volumes-morts, sensibilité, efficacité, résolution, etc.) de la stratégie 
utilisée sont discutés dans ce travail. 
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ABSTRACT 
 
Pharmaceutical industry has always been interested by new technologies for increasing productivity in 
a shorter time. Fast liquid chromatography (LC) starts to be widely used in routine analytical work, 
method development, process monitoring and quality control. 
 
In LC, there are different approaches to reduce analysis time in order to obtain fast or ultra-fast 
methods with cycle times less than 5 or 1 min, respectively. Several strategies exist such as the 
reduction of column length (≤ 50 mm), increase of mobile phase flow rate, reduction of particle size (≤ 
2 µm), work at high pressure (≤ 1000 bar), use of monolithic supports or use of high temperature (≤ 
200°C). These approaches are not equivalent and it is not obvious to decrease analysis time by 
maintaining good peaks resolution. Therefore, in most of the cases, combination of several strategies 
is used.  
 
This study presents the different techniques and compares them to conventional LC, with theoretical 
and experimental results. Advantages and drawbacks (resolution, peak capacity, instrumentation, etc.) 
of these different approaches are discussed in this work. 
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ABSTRACT 
 
Actuellement, la plupart des industries pharmaceutiques sont intéressées par les nouveaux concepts 
analytiques permettant d’augmenter la productivité (par réduction des temps d’analyse) lors du 
développement de méthode, de l’analyse de routine, du contrôle qualité et du suivi thérapeutique.  
Différentes stratégies peuvent être utilisées en chromatographie liquide (LC) pour diminuer les temps 
d’analyse. Cependant, ces approches ne sont pas équivalentes et il n’est pas toujours possible 
d’augmenter la vitesse d’analyse tout en maintenant une efficacité, une résolution et une perte de 
charge acceptables. 
La chromatographie liquide à haute température (i.e. T ≥ 60°C), HTLC, est une première solution qui 
permet de travailler avec de hauts débits de phase mobile (i.e. 5 à 10 fois supérieurs à la LC 
conventionnelle) sans sacrifier la résolution ni augmenter la contre-pression. Les bénéfices de l’HTLC 
sont notamment liés à une diminution de la viscosité de la phase mobile ayant pour effet une 
augmentation des coefficients de diffusion. Cette approche est peu utilisée en routine dans l’industrie 
pharmaceutique, à cause de l’instabilité thermique de certaines phases stationnaires à base de silice, 
et de certains solutés thermo-labiles. 
La réduction simultanée de la longueur de colonne (≤50mm) et de la taille des particules (sub-2µm) 
permet également de réduire les temps d’analyse (d’un facteur 10 à 20 par rapport à la LC 
conventionnelle), sans perte notable d’efficacité. Cependant, l’utilisation de supports remplis de petites 
particules génère de fortes contre-pressions, exigeant l’utilisation de systèmes chromatographiques 
(i.e. UPLC) et de phases stationnaires (i.e. colonnes Acquity BEH) compatibles avec des pressions 
extrêmes (jusqu’à 1000 bars). 
 
Dans cette étude, les deux approches décrites (i.e. HTLC et UPLC) ont été combinées afin de 
déterminer le potentiel et les éventuels inconvénients pour l’industrie pharmaceutique. D’un point de 
vue fondamental, la HT-UPLC a été évaluée à l’aide des courbes de Knox et comparée à l’UPLC. Des 
mélanges complexes de molécules d’intérêt pharmaceutique ont également été séparés en mode 
gradient, en HT-UPLC, avec des temps d’analyse inférieurs à 1 minute. 
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ABSTRACT 
 
Récemment, l’OMS (Organisation Mondiale de la Santé) a lancé une vaste campagne de lutte contre 
la tuberculose pour les prochaines années. Actuellement, on compte dans le monde une nouvelle 
infection par le bacille tuberculeux chaque seconde et un tiers de la population mondiale est infecté. 
La progression de souche de bacilles résistants à un ou plusieurs antibiotiques requiert une 
chimiothérapie longue et nécessite l’association de plusieurs antituberculeux. Les trois agents 
antituberculeux bactéricides principaux recommandés par les autorités internationales pour le 
traitement initial intensif sont la rifampicine (RIF), l’isoniazide (ISN) et le pyrazinamide (PYR).  
 
Etant donné le nombre élevé d’analyses à effectuer (i.e. contrôle qualité, suivi thérapeutique, etc.), 
diminuer la durée de la procédure analytique est une nécessité. Plusieurs possibilités existent pour 
obtenir des analyses rapides, telles que l’utilisation de colonnes remplies de particules de faible 
diamètre (i.e. sub-2µm) résistantes aux hautes pressions (UPLC) ou l’utilisation de haute température 
(HTLC). Ces deux stratégies permettent de travailler à haut débit sans perte de résolution et la 
combinaison de l’UPLC et de l’HTLC (i.e. HT-UPLC) permet de réduire davantage les temps d’analyse 
sans compromettre les performances chromatographiques.  
 
L’objectif de ce travail est de développer une procédure analytique ultra rapide par UPLC et HT-UPLC 
pour l’analyse des 3 principaux agents antituberculeux contenus dans une formulation 
pharmaceutique. Les performances quantitatives de la méthode ont ensuite été évaluées lors de 
l’étape de validation, réalisée en accord avec SFSTP 2003 (évaluation de la justesse, fidélité et 
exactitude). Les résultats qualitatifs et quantitatifs obtenus en UPLC et HT-UPLC ont été comparés et 
l’intérêt de la HT-UPLC mis en évidence. 
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Pharmaceutical industry has always been interested by highly efficient analytical techniques, to solve 
very complex pharmaceutical cocktails or in drug impurity profiling (i.e. to deal with a high number of 
impurities). Additionally, with the development of genomics, proteomics and more recently 
metabolomics; there is a need for analytical procedures able to yield high resolution in acceptable 
analysis time.  
 
From a theoretical point of view (i.e. kinetics plots), columns packed with large particles are the most 
adapted to attain ultra high efficiency (higher than 100’000 plates). However, column length should be 
higher than 1 meter, leading to unacceptable analysis time (several hours). An alternative solution is 
the use of High Temperature Ultra Performance Liquid Chromatography (HT-UPLC) which is 
compatible with long columns packed with sub-2µm particles, because the mobile phase viscosity 
decrease with temperature. With this approach, it is possible to reach ca.100’000 plates with an 
acceptable analysis time (less than 1 hour) with a 450 mm column at 90°C and 1000 bar. 
 
This procedure was investigated in isocratic as well as gradient mode. In order to obtain high 
performance in HT-UPLC, a compromise has to be found between column length, working mobile 
phase flow rate, efficiency and generated back pressure. This work presents advantages and 
drawbacks of HT-UPLC for high resolution separations. 
 
Finally, HT-UPLC was applied for the separation of complex mixtures (pharmaceutical compounds and 
doping agents) in gradient mode, for column length ranging from 30 to 450 mm. 
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